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ABSTRACT 
Plasticisers and additives are used for their effectiveness in improving 
flexibility in plastics, for many commercial applications ranging from the 
medical to the food industry.  Human exposure to additives such as bisphenol 
A (BPA) and phthalates such as bis(2-ethylhexyl) phthalate (DEHP), have 
been found at harmful detectable levels in the humans, where concerns of 
their potential health risks may arise from chronic exposure.  
 
This thesis presents a brief history and an overview of the traditional 
plasticisers currently obtainable in the global market, as well as the 
complications associated with the end uses of these plasticisers, and reviews 
recent scientific approaches to resolve these problems.  
 
The polymers themselves were found to have thermally degraded after repeat 
exposure to microwave irradiation; this was revealed by using X-ray diffraction 
analysis, which indicated a drastic reduction in crystal size from 7.94 nm to 
2.62 nm. Changes in the polymer surfaces was identified using scanning 
electron microscopy (SEM), where it was be noted that as the polymer 
underwent an increased number of reheating cycles, the morphology of the 
polymer was disrupted. Attenuated Total Reflectance-Infrared Spectroscopy 
(ATR-IR) was used to identify structural property changes due to solvolysis 
and hydrolysis on exposure to microwave irradiation; with the main distinctive 
features being a strong OH peak in the 3500 cm-1 region, as well as a strong 
C-O peak present at 1346 cm-1 and a C=O peak at around 1725 cm-1, the 
chemical changes were verified using gravimetric analysis where the mass of 
the polymer increased from 5.5 % to 40%. 
 
As the polymer degraded, the phthalates and additives incorporated during 
the polymerisation process were prone to leaching; a Gas Chromatography- 
Mass Spectroscopy (GC-MS), selected ion monitoring method was developed 
in order to identify and quantify specific leachates and the quantities leaching.  
 
Abstracts 
 
 
 
 VII 
Dimethyl phthalate was the first compound to be identified and quantified, and 
was found to be at a concentration which is almost five times higher than safe 
levels stated by the National Institute for Occupational Safety and Health 
(NIOSH); also benzyl butyl phthalate (BBP) at about 30 times the safe level. 
 
Initially the phthalates and additives were tested on Caco-2 human colorectal 
cells to investigate how they responded when exposed at concentrations 
corresponding to the leachate amounts collected through GC-MS analysis. An 
assay carried out showed the effects on cell proliferation.  BPA exposure was 
found to decrease the cell viability from the lowest concentration (0.1 µg/l). 
The number of viable cells at this concentration had a 10% average decrease 
from the control cells and when the cells were exposed 0.4 µg/l the cell 
viability decreased by 90%.  
 
The development of natural plasticisers for application in packaging is one of 
the great challenges of research in material science. In this project soybean 
oil, rapeseed oil and coconut oil were successfully epoxidised to produce 
alternative plasticisers, with the identification of the epoxidised oils being 
carried out using ATR-IR spectroscopy and nuclear magnetic resonance 
(NMR). 
 
Poly(lactic acid) is a biodegradable and bioactive thermoplastic aliphatic 
polyester, which was synthesised from anhydrous lactic acid with 
Dimethylaminopyridine (DMAP) and N,N’-Dicyclohexylcarbodiimide (DCC). 
Poly(lactic acid) was melt blended along with polypropylene (PP) and various 
ratios of epoxidised oils in order to produce a polymer with the same 
characteristics as those produced by the harmful alternatives. Poly(propylene-
graft-maleic anhydride) (PP-g-MA) was incorporated into the polymer blend to 
functionalise the polypropylene, and improve the compatibility of the polymer 
blend. 
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ATR-IR was used for identification of the successful blend; The CH3 stretch of 
Poly(lactic acid) is identified at  2983 cm-1, the peak distinctive for O-C=O is 
shown at 1190-1080 cm-1.  
 
At 1734-1740cm-1 the C=O of poly(lactic acid) can be observed. The 
epoxidised oils display small intensity signals at  950-850cm-1, and around 
1250cm-1 this is an important characteristic for the C-O-C stretch of the 
epoxide. The interaction between the PLA and epoxy group through hydrogen 
bonding resulted in enhanced morphological properties providing the 
desirable characteristics provided by the harmful plasticisers and additives. 
Poly(propylene-graft-maleic anhydride) can be identified by its strong peaks 
between 1800 cm-1 and 1700 cm-1 and can be assigned to symmetric C=O 
stretching of anhydride functions grafted on polypropylene.  Confirmation of 
the blend components interaction in this study was observed by representing 
the ester linkage at 1756-1755 cm-1.  
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1. INTRODUCTION 
1.1.  WHAT IS A POLYMER? 
A polymer is a large molecule, or macromolecule, composed of many 
repeated subunits.1  Polymers play a vital role in everyday life in both their 
synthetic and natural forms, they are synthesised through a polymerisation 
reaction where many repeat small units known as monomers are used to 
produce a larger molecule with many desirable physical qualities.2 
Polymers in the Food Industry 1.1.1.  
The modern commercial plastics industry was created in the United Kingdom 
in the 19th century. In the food industry its primary use is keeping foods safe 
from contamination and retaining the nutritional properties. The plastics 
industry has great importance in terms of economic strength, where it has an 
annual sales turnover of over £19 billion.  The industry is built up of core 
sectors: materials and additive manufacture, material processing.  This multi-
billion pound industry affects the everyday consumer as well as many 
industries around the world. Food packaging provides a method for 
transporting food safely, preserving food from spoiling and damage, and 
degradation that would occur otherwise.3  
 
Plastic packaging includes items such as containers, baby bottles, trays and 
lids; they are also beneficial for their uses to protect metals, provide lining 
closures and in glass to reduce container breakage.4  
 
Since 1988 plastics began to be coded by The Society of the Plastics Industry 
using a method to identify the plastic being used; the Resin Identification 
Code (RIC).  A large number of communities put into place a system to 
recycle, in order to reduce the volume of waste in landfills. The RIC was 
developed to provide a uniform system for manufacturers for consistency in 
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production of plastics could be applied nationally, and used solely to identify 
plastic resins used in manufacture. 
 
There are hundreds of plastics, but only very few are utilised as the main 
components of food packaging plastics (Table 1.1):5 
 Poly(ethylene terephthalate) (PET),  
 high-density polyethylene (HDPE), 
  poly(vinyl chloride) (PVC) 
 low-density polyethylene (LDPE) 
  polypropylene (PP) 
 polystyrene (PS) 
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Resin Identification 
Number 
Resin Resin Identification 
Code 
1 Poly(ethylene 
terephthalate) 
 
 
 
 
               PETE 
2 High-Density 
Polyethylene 
 
 
 
 
               HDPE 
3 Poly(vinyl chloride)  
 
 
 
               PVC 
4 Low-density 
polyethylene 
 
 
 
          
              LDPE 
5 Polypropylene  
 
 
 
               PP 
6 Polystyrene  
 
 
 
              PS 
 
7 Other  
 
 
 
           OTHER 
 
Table 1.1 Polymer identification resin codes 
1 
2 
3 
4 
5 
6 
7 
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n
1.2.  POLYPROPYLENE 
 
 
 
Figure 1.1 Polypropylene 
Polypropylene (Figure 1.1) is polymerised from the monomer propene which 
undergoes addition polymerisation to produce polypropylene, which to date is 
one of the most versatile thermoplastic polymers commercially available.    
 
Italian chemist Giulio Natta and Paola Chini were funded by Monetacatini, a 
large Italian company, to pursue the discovery made by German chemist Karl 
Ziegler. In 1963 Ziegler and Natta were awarded the Nobel Prize in 
Chemistry, for their “discoveries in the field of the chemistry and technology of 
high polymers”.  At the same time Paul Hogan and Robert Banks who were 
working at Philips Petroleum in the United States, produced highly crystalline 
polypropylene while trying to create gasoline from propylene and ethylene.6  
These discoveries led to large-scale production of commercially available 
polypropylene. 
 
 
Synthesis of Polypropylene 1.2.1.  
For the synthesis of polypropylene the Ziegler Natta catalyst is used.7 
Polymerisation can affect the orientation of the methyl groups along the 
backbone of the polypropylene. The orientation of the methyl group (CH3) has 
a strong effect on the crystallinity of polypropylenes. The addition 
polymerisation reaction that produces polypropylene consists of three stages. 
A stepwise process produces a long chain polymer, and the three stages are 
known as: 
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 Initiation: Polypropylene initiators are composed of organometallic 
compounds as well as metallic halides, such as triethylaluminium and 
titanium tetrachloride.  The unpaired electron of the free radical formed 
reacts with the carbon-carbon double bond of the propene monomer; 
this leads to an addition reaction occurring at one end of the monomer 
as the active centre of the radical pairs with one of the electrons from 
the double bond, resulting in a new active centre at the end of the 
monomer chain due to the unpaired electron. 
H
H H
H
+ C
H H
H H
RR
 
Scheme 1.1 Initiation stage of polypropylene synthesis. 
 Propagation: During this step, chain growth of the polymer occurs due 
to the process of electron transfer and the movement of the active 
centre continuing down the chain. This stage occurs very quickly, so 
that many monomer units are added to the chain. 
 
C
H H
H H
R +
H
H H
H H
H
H
H
R
H
H
H
H
n
 
 
Scheme 1.2 Propagation stage of polypropylene synthesis. 
 Termination: Here the growth of the polymer is stopped and there is a 
net loss of free radicals.  The termination reaction can occur by two 
means, firstly by combination; this is where the polymer growth is 
terminated by the free electrons from two growing chains that combine 
to form a single chain.  
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 The second method is disproportionation which stops the reaction by 
the removal of a hydrogen atom by a free radical.  This results in the 
formation of a carbon-carbon double bond.8 
 
                                            
H
H
H
H
H
H
H
H
R + R
H
H
H
H
H
H
H
H
R R
 
Scheme 1.3 Combination stage of polypropylene. 
 
Scheme 1.4 Disproportionation stage of polypropylene. 
 
Types of Polypropylene Produced. 1.2.2.  
The three  types of polypropylene produced are : 
 
 Isotactic: has a regular crystalline regular structure where the positions 
of the methyl groups are on the same side of the polymers carbon 
backbone (Figure 1.2), this is known as regular orientation. The 
stereoregular structure of the methyl groups increases the 
intermolecular forces by the molecule-molecule contact.  This structure 
is most commonly used for packaging and carpet fibres. 
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Figure 1.2 Isotactic polypropylene 
 Syndiotactic: Where the position of the methyl groups are on alternate                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
sides of the polymer’s carbon backbone (Figure 1.3). Syndiotactic 
polypropylene has closer properties to isotactic polypropylene than 
atactic polypropylene; and with its regular chain alternation between 
the hydrogen and methyl groups creates a strong intermolecular force 
that produces a polymer that is more crystalline than atactic 
polypropylene.  
 
 
Figure 1.3 Syndiotactic polypropylene 
 Atactic: Where the positions of the methyl groups are placed randomly 
along the polymer backbone (Figure 1.4), this produces an amorphous 
(non crystalline) polymer with an irregular structure this is due to the 
random arrangement of methyl and carbon groups attached to the 
main carbon-carbon backbone. Amorphous polymers are more flexible 
and softer than isotactic polypropylene, and are most commonly used 
for sealants and for weatherproofing.  
 
Figure 1.4: Atactic polypropylene 
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1.3.  WHAT IS AN ADDITIVE? 
Additives are substances that are added in a polymer to modify some of its 
properties. Some of the most common ones are plasticisers.  A plasticiser is a 
chemical substance that is added to a synthetic resin to produce or promote 
plasticity and flexibility and to reduce brittleness.9,10  
 
During the last decade, the global production of plasticisers was around 5 
million tons per year. Legislation and health and safety have driven research 
into the development of alternative natural based plasticisers such as fatty 
acids, which are readily available in vegetable, and plant oils, and can be 
regarded as substances of low toxicity and migration.11 The International 
Union of Pure and Applied Chemistry (IUPAC) have defined a plasticiser as “a 
substance or material incorporated into a material to increase its flexibility, 
workability or extensibility”.12 
 
Additives such as plasticisers are incorporated into polymers to improve the 
properties and characteristics such as plasticity, workability and fluidity.13  
These chemicals increase the molar volume of the polymer, which results in a 
reduction in the melt viscosity and glass transition temperature and lower 
rigidity.  
 
Once a plasticiser is incorporated into the polymer it can form one of two 
means of plasticisation. External plasticisation occurs when the plasticiser 
molecules do not form bonds with the polymer and therefore it can be lost 
through processes such as migration and extraction.  Internal plasticisation’s 
are fundamentally part of the polymer and remain part of the polymer.14 
 
Antioxidants, light stabilisers and lubricants are the most commonly used 
additives for polymeric packaging material, these chemicals are known to 
reduce chain scission and cross linking caused by thermal degradation.15 
 
 
 
Chapter 1: Introduction 
 
 
 
 29 
Phthalates 1.3.1.  
Phthalates are a group of chemicals used to make plastics more flexible and 
harder to break. They are often termed as plasticisers (Figure 1.5).16 
 
 
OR
OR'
O
O  
Figure 1.5 General chemical structure of a phthalate where “R” 
and “R’” are representative of a placeholder that can represent 
any carbon group 
Phthalates are esters of phthalic acid C6H4(CO2H)2 that are synthesised by a 
catalytic oxidation reaction of xylene or naphthalene, to produce phthalic 
anhydride which is then hydrolysed to an anhydride.17  It was first synthesised 
in 1836 by a French chemist A Laurent, whilst oxidising naphthalene 
tetrachloride. 
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Di-n-octyl phthalate (DNOP) 
 
 
O CH3
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O CH3
 
 
Diethyl phthalate (DEP) 
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Benzyl butyl phthalate (BBP) 
 
 
 
 
Bis(2-ethtlhexyl) phthalate  (DEHP) 
 
O
O
CH3 O
O
CH3 
 
Dimethyl phthalate (DMP) 
 
 
 
OHOH
CH3
CH3  
 
Bisphenol A (BPA) 
 
Figure 1.6 Most common phthalates and additives used in the manufacture of commercial polymers
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Health Concerns of Phthalates 1.3.2.  
 
A large number of industrial chemicals such as phthalates are introduced in 
the production of plastics (Figure 1.6), and they can have a significant effect 
on hormonal activity by disrupting the endocrine system, in turn affecting 
human health, reproduction and development; these substances are referred 
to as endocrine disrupting molecules.  
 
The European Commission classed Bisphenol A, a common additive, as a 
“Substance of external origin with harmful effects on human health”, and is 
said to have estrogenic activity even at very minimal concentrations of below 
0.001µg. These additives are believed to mimic reproductive hormones such 
as oestrogen, and could cause adverse effects, such as abnormal cell growth 
and possibly cancer, if they were released into food from the plastic matrix. 
 
Over the last two decades the concern about human exposure to phthalates 
has been the source of scrutiny worldwide.18  Toxicological experiments have 
been carried out, which suggest that phthalates such as DEHP exhibit a 
carcinogenic effect when examining testicular, ovarian cancer as well as 
showing cardiac, pulmonary and embryotic toxicity.  It was discovered that the 
maximum safety level for consumer products was more than 70 times lower 
than the legal hazardous concentration.19  
 
Food packaging contributes for over 50 % of plastic consumption with growing 
media sensitivity on the issue the demand for bio plastics is in great demand 
with a growth rate of 33 % expected from 2013-2023.20  A rise in interest in 
the field has driven research to develop novel alternatives to phthalates, 
additives and stabilisers, which are incorporated to enhance the performance 
of these plastics.  
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The uses of these chemicals added to the plastic have an influence on the 
products’ safety, as these compounds migrate into foodstuffs exceeding their 
specified limits. Migration of the chemicals is caused by diffusion of 
substances from a zone of higher concentration (the polymer containing the 
leachate) to one of a lower concentration (foodstuff). This process is 
influenced by packaging interactions at accelerated temperature.21 
 
Health Concerns of Additives 1.3.3.  
 
Bisphenol A (BPA) is another chemical of great concern it is an additive used 
as an ingredient in the process of manufacturing plastics and in the production 
of epoxy resins to improve or preserve its characteristics.22 Products 
marketed for infants or labelled as "microwave safe" release toxic doses of 
the chemical bisphenol A when heated.23 
 
Bisphenol A is said to have endocrine disrupting properties and is found in a 
number of commercially available products such as baby bottles and plastic 
containers.24  Studies have shown that this additive has an effect on the male 
reproductive system, including the androgen receptors, which in turn affects 
the testes, sperm and seminal vesicles prostate gland and the production of 
sperm.25 According to the World Health Organisation (WHO) carcinogenicity 
studies conducted under the US National Toxicology Program, have shown 
increases in leukaemia, testicular interstitial cell tumours.26 
 
In 2008 Canada took the lead and classified Bisphenol A as a schedule one 
“toxic substance” and banned the use of the substance in all consumer 
products.27 This triggered the European Union Environment ministers in 2009 
to release a statement expressing concerns over recent studies showing 
adverse effects of exposure to endocrine disruptors.28 As a result many 
countries in the European Union plan to ban the use of BPA in baby bottles, 
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toys and plastics to be used for and in products that come into contact with 
food.29 
 
In February 2016, France announced that it intended to recommend BPA to 
the “EU Registration, Evaluation, Authorisation and Restriction of 
Chemicals” (REACH Regulation) a substance of very high concern (SVHC) by 
8 August 2016, it is claimed that the presence of BPA in a product at a 
concentration above 0.1 % can be very harmful to consumers. This is the first 
step towards restricting the importing and use of a BPA in the EU. 
 
Denmark, Belgium, Germany, Netherlands, Sweden and Turkey have all 
banned the use of BPA in baby bottles and products to come into contact with 
food from 2009. However in the United Kingdom the UK Food Standards 
Agency confirmed their views that "exposure of UK consumers to BPA from all 
sources, including food contact materials, was well below levels considered 
harmful".30 
 
 Routes of Exposure 1.3.4.  
 
Polymers commonly used such as polypropylene (PP) are employed in the 
manufacture of reusable plastics. Phthalates (phthalic acid) are added to 
plastics to increase flexibility, toughness and durability; they arise from a 
group of chemicals that are used as “building blocks” in everyday products. 
Commercial polypropylene is chemically resistant, tough, and as well as heat 
resistant.  These desirable qualities are all enhanced by the addition of 
additives during the production process.  
 
Phthalates are used in a range of commercial polymeric products, and as 
there is no covalent bond between the polymer and the phthalate they remain 
in the free volume spaces within the polymer and are easily released.31  
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The migration of plasticisers and additives into water or aqueous solutions is 
more prevalent when the containers/polymers are exposed to changing 
conditions, e.g. the temperature, salts, acids or through dietary means; also 
fatty foods such as butter, milk and meat, and hence reusing plastic 
containers and exposing the polymer to different conditions will favour the 
migration of plasticisers into foodstuffs, leading them to be consumed, which 
then could have adverse effects on oestrogenic activity.   
 
The US Consumer Product Safety Commission (CPSC) concluded that 
children ingest phthalates through contaminated food as well as from sucking 
or mouthing plastics as well as toys: human risk assessments have indicated 
that ingestion is a significant route of exposure of phthalate compounds.32   
However recent studies indicated that dermal absorption might be another 
major route of exposure.31,33 Dermal absorption from items such as lotion, 
cosmetics and shampoo is another route of exposure, studies carried out on 
animals indicated slow absorption with relative toxicity,34 and factors that 
affect dermal absorption include the body parts exposed, chemical 
concentration, skin surface exposed and the duration of exposure.35 
 
In hospitals, intravenous tubing is a route of direct exposure for bis(2-
ethylhexyl) phthalate;36 exposure can also be accounted for from inhalation 
through respiratory tubing.37 The Food and Drug Administration (FDA) 
concluded that infants are at high risk when using IV nutrition tubing, as well 
as cardio bypass tubing and blood transfusion bags.38 
 
The most commonly used plasticisers are bis(2-ethylhexyl) phthalate (DEHP), 
and di-n-octyl phthalate (DNOP) with more than thirty leading phthalates 
being used as plasticisers these can be seen in Figure 1.6.39   
 
The use of plasticisers in the plastic industry faces a number of challenges, 
and the technical challenges need to be addressed to prevent problems with 
the formulation of polymers using plasticisers; these include leaching, 
evaporation, degradation and migration of the plasticisers from the polymers. 
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1.4.  MICROWAVE IRRADIATION 
Microwave radiation forms part of the electromagnetic spectrum (Figure 1.7), 
and its frequency ranges from 300 GHz – 300 MHz. 40,41 
 
 
 
 
 
Figure 1.7 The electromagnetic spectrum 
Since 1954 the use of microwaves for heating applications has massively 
developed.  It was around the time of the Second World War that its potential 
was identified for rapidly and efficiently heating materials.42  
 
Most commercially available microwaves function at a frequency of 2.45 GHz, 
corresponding to a wavelength of 12.2 cm and a quantum energy of 
1.02×10−5 eV.43 
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Figure 1.8 Domestic microwave 
Microwaves can be reflected, transmitted or absorbed by materials in their 
path. Metallic materials totally reflect microwaves, while non-metallic materials 
such as glass and some plastics are mostly transparent to microwaves.  
 
Inside a domestic microwave there is a generator called a magnetron (Figure 
1.8 (a)), which provides the electricity through the power outlet; the magnetron 
converts the electricity into microwaves. Materials containing water, for 
example foods, readily absorb microwave energy; the water molecules 
contain dipoles with a negative and positive pole (Figure 1.9), and as the 
microwaves oscillate, they excite the water molecules in the food, causing 
rotation of the polar molecules. As the water molecules rotate, they push, pull 
and collide with other molecules distributing the energy to the adjacent 
molecules; this energy appears as heat.   
 
 
 
 
 
 
Figure 1.9 Water molecule showing dipoles 
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1.5.  ANALYTICAL TECHNIQUES EMPLOYED IN 
ANALYSIS OF PLASTICS AND THEIR DEGRADATION 
Changes can occur to polypropylene with continuous exposure to microwave 
irradiation, which have an effect on the stability of the polymer. Thermal and 
chemical degradation can occur; this can affect the properties of the polymer, 
as well as promoting the leaching of harmful phthalates and additives into its 
surroundings. 
 
The changes that occur can be observed using a range of analytical 
techniques. 
 
 
Diffusion Studies via Gravimetric Analysis 1.5.1.  
Gravimetric analysis is based on measuring the change in mass of a polymer.   
As a polypropylene sample begins to swell and expand the density of the 
sample decreases due to the free volume change inside the polymer.  
Gravimetric analysis will measure any change in mass due to chemical 
changes or loss of additive from the polypropylene sample.   
 
Crank and Park described diffusion as the process by which penetrant such 
as an additive is moved from one part of the system to another, as a result of 
random molecular motion.40 The diffusion of small molecules within polymers 
is a function of both the polymer and the diffusant.44  
 
Factors which influence diffusion include: 
 
 The morphology of the polymer 
 The size of the diffusing molecules 
 The compatibility and solubility of the solute within polypropylene 
matrix.45 
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In 1829 Thomas Graham studied permeation through a polymer.46 Graham 
observed the resulting changes in volume of polymeric substances; he 
hypothesised that permeation was caused by a process involving dissolution 
of penetrant, which was followed by diffusion of dissolved species in the 
polymer membranes. Graham noted that an increase in temperature made 
the polymer membranes more permeable, which could then aid diffusion; any 
variation in thickness of the polymer membranes also altered the rate of 
diffusion.50 
 
X-ray Diffraction (XRD) 1.5.2.  
 
X-ray diffraction analysis is used to determine the molecular and atomic 
structure of a polymer.  The average spacings between the layers of crystal 
can be determined, as well as the orientation or crystal type.47   
 
By using XRD the scattering pattern of an amorphous sample of a polymer 
can be determined; the method can lead to precise separation of the 
crystalline and amorphous regions. This technique takes advantage of the 
regular interatomic spacing of most crystalline solids which act as a diffraction 
gradient for x-ray light, which has wavelengths on the order of 1 Angstrom 
(10-10m). 
 
X-ray diffraction uses x-ray beams at a set angle of incidence which is known 
as theta (θ), the distance (d) is the distance between the crystal layers and 
the wavelength (λ) is that of the x-ray beam (Figure 1.10). By measuring the 
angles and intensities of the diffracted beams, a three-dimensional 
diffractogram can be produced to show the density of the electrons within the 
polymer crystal.48 
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Figure 1.10 Schematic representation of x-ray diffraction 
X-ray diffraction is dependent on the wavelength of the x-ray, which 
determines the structure of the crystalline material, and leads to the 
identification of a material from its diffraction pattern. When the incident x-ray 
interacts with the polymer it is scattered from atoms within the target material. 
 
The diffraction of x-rays is described by Bragg’s law, which relates the 
distance between two planes in a crystal to the angle of reflection to the x-ray 
wavelength: 
 
sin 𝛩 =
𝑛𝜆
2𝑑
 
Equation 1 Braggs Law 
XRD analysis can be used to investigate polymer degradation after a polymer 
has been exposed to various microwave simulation cycles, for example loss 
of crystallinity.  
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Contact Angle Analysis 1.5.3.  
Contact angle analysis is related to the spreading and contact of a liquid over 
a solid surface.49 If there is sufficient contact between the solid and liquid, a 
liquid droplet is formed on the surface of the solid. Contact angles are related 
to the wettability of the solid, the lower the angle the greater the wettability of 
the solid.   
 
Young’s equation can be used to explain the balance of forces between a 
liquid drop and a solid surface:  
 
𝛾𝑠𝑣 = 𝛾𝑠𝑙 + 𝛾𝑙𝑣 cos 𝜃 
Equation 2 Young’s equation 
Where (θ) is the contact angle 
γsl is the solid/ liquid interfacial free energy 
γsv is the solid surface free energy 
γlv is the liquid surface free energy 
 
 
 
Figure 1.11 Contact angle analysis 
For complete wettability the surface tension of the liquid should be less than, 
or equal to, the surface tension of the solid sample.  The larger the contact 
angle the poorer the wettability of the material. Figure 1.11 represents a 
schematic representation of contact angle analysis. 
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Figure 1.12 Diagrammatic representation of contact angles 
The relationship between the surface of a material and wettability was defined 
in 1936 by Wenzel who stated that adding surface roughness will enhance the 
wettability.50 For example, if the surface is chemically hydrophobic, it will 
become even more hydrophobic when surface roughness is added. The 
wettability of a polypropylene solid surface can be quantified using the contact 
angle.  
 
If the contact angle is less than 90° this indicates that wetting of the surface is 
very favourable, the water droplet will spread over a large area of the surface. 
Contact angles greater than 90° indicates that wetting of the surface is 
unfavourable, so the fluid will decrease contact with the surface and form a 
compact liquid droplet.51 This phenomenon can be seen in Figure 1.12. 
 
 
 
 
 
 
 
 
 
 
 
Chapter 1: Introduction 
 
 
 
 42 
Attenuated Total Reflectance-Infrared    1.5.4.  
Spectroscopy (ATR-IR) 
 
Attenuated total reflectance (ATR) is an analytical sampling technique, which 
is combined with infrared (lR) spectroscopy for the direct quantitative and 
qualitative analysis of samples with little or no sample preparation. 
 
Attenuated Total Reflectance-Infrared Spectroscopy can be used for solid 
samples as well as liquids; this technique can be used to characterise 
molecules by their constituent bonds. Each chemical bond in a molecule 
vibrates at its own unique frequency, and functional groups may have many 
specific oscillations due to their bending and stretching motions. These 
vibrational frequencies have the same frequencies as infrared light. The 
sample comes into contact with a high refractive index crystal that allows the 
infrared radiation to enter the sample many times. A unique spectrum is 
produced of all the frequencies that are absorbed.   
 
This technique can be used to track chemical changes in the polymer 
samples, from their original form over a period of time after exposure to 
microwave irradiation. Figure 1.13 shows a schematic representation of the 
ATR system. 
 
Figure 1.13 Schematic representation of a multiple reflection of 
an ATR system 
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Surface Morphology using Scanning Electron 1.5.5.  
Microscopy (SEM) 
 
Scanning electron microscopy is a technique that uses a beam of electrons to 
interact with a sample under a vacuum environment.  The electron beams 
interact with the atoms within the sample of interest; this produces signals that 
can be used to obtain information about the surface morphology and 
composition.  The main advantage of using SEM is that it allows sample 
analysis of sub-micrometre structures that can no longer be characterised by 
a light microscope. 
 
The main components of an SEM can be seen in Figure 1.14 which includes: 
 
 A source of electrons 
 A column which the electrons travel down 
 An electron detector 
 Sample chamber 
 A computer to detect the image produced 
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Figure 1.14 Principles of Scanning Electron Microscopy 
The electrons are generated at the top of a column and accelerated through 
various lenses and spaces to produce a beam of electrons that hit the surface 
of the sample, which has been mounted onto a stage in a vacuum chamber 
below.  The electron beams are controlled by the scan coils which are placed 
above the objective lens; the coils allow the beam to scan over the surface of 
the samples. SEM was used in this project to investigate the surface 
morphology of polymers after being exposed to various microwave irradiation 
simulations.   
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Differential Scanning Calorimetry 1.5.6.  
 
Differential Scanning Calorimetry (DSC) is a powerful technique that is used 
for the characterisation of polymers. DSC monitors the heat changes that are 
associated with the phase transitions and chemical reactions as a function of 
temperature; the heat flow to the polypropylene sample and a reference at the 
same temperature is recorded as a function of temperature.52 The 
temperature of the sample and the reference sample (which is an inert 
aluminium pan) are increased at a steady rate.  
 
In DSC, if a polypropylene sample undergoes a phase transition, more or less 
heat will need to flow into it than the reference to maintain both at the same 
temperature.  Whether less or more heat must flow into the sample depends 
on whether the process is exothermic (a transition which releases energy) 
or endothermic (a transition which absorbs energy). The glass transition 
shows the softening of the amorphous regions of the polymer, and therefore is 
a useful tool to assess the degree of crystallinity. As well as the glass 
transition the change in melting point of the polymer samples can provide 
information about the crystalline regions of the polymer; this is determined by 
the endothermic transition upon heating the polymer sample, which is 
achieved by heating the polymer from a solid to its liquid state.   
 
 
 
 
 
 
 
Chapter 1: Introduction 
 
 
 
 46 
Gas Chromatography - Mass Spectroscopy 1.5.7.  
 
Gas Chromatography a separation method which relies on partition between 
two phases for separation (mobile and stationary phases), after which 
detection occurs in the mass spectrometer (MS). The stationary phase is 
chosen based on the affinity of the sample being analysed to each phase, the 
gaseous mobile phase, the sample passes through a column containing a 
stationary phase.  
 
Separation is based on the vapour pressure and polarity of the components. 
The boiling point of a particular compound is related to its volatility, where the 
compound with the lowest boiling point and lowest polarity will have the 
shortest retention time therefore eluting first. 
 
Mass Spectrometry is a technique used to determine the identity of 
compounds.53 MS has a high capability and sensitivity for accurate and 
precise identification of the separated unknown samples eluting through the 
GC column.54 The compounds must be relatively volatile and thermally stable, 
and if they are not they require derivatisation before being injected. This 
eliminates adsorption effects which may affect the data. 
 
GC-MS is essentially two techniques coupled together, which comprise the 
so-called "tandem" or "hyphenated" technique that utilises separation, 
identification, and quantitation of one or more closely-related components of 
mixtures for unknown analyte.  
 
GC-MS can be used to identify various phthalates and additives within 
commercially available polymers. The peaks presented in the GC spectra 
correlate with the elution of the compound from the column. The time taken 
for phthalates and additives to elute after entering the column is referred as 
the retention time (RT).  
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Mass spectrometry measures the charged samples with respect to their mass 
to charge ratio (m/z), after the samples are ionised by the loss or gain of an 
electron.55  The quadrupole mass analyser is made up of four parallel 
cylindrical rods which are connected in parallel electrically; the elected ion 
pass between the rods; these ion are focused and passed along the 
quadrupole rods to the detector. A schematic representation of the GC-MS 
system can be depicted in Figure 1.15. 
 
 
 
Figure 1.15 Principal of Gas Chromatography–Mass 
Spectroscopy 
Samples can be analysed using the full mass scan mode or by selective ion 
monitoring (SIM), where a chosen number of masses are measured. The usual 
scan can last anywhere between 1 and 10 milliseconds. These measurements 
and scans are plotted as the total ion current (TIC).56 Operations in the SIM 
mode allow for detection of specific analytes with increased sensitivity. In the 
SIM mode the MS gathers data for particular masses of interest rather than 
looking for all masses over a wide range. This is because the instrument is set 
to look for only masses of interest, so it can be specific for a particular analyte 
of interest. 
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Typically two to four ions are monitored per compound and the ratios of those 
ions will be unique to the analyte of interest. In order to increase sensitivity, 
the mass scan rate and dwell times are adjusted.57 
1.6.  ALTERNATIVE PLASTICISERS AND ADDITIVES 
Vegetable and plant oils are some of the cheapest and abundant biological 
feedstocks available, and their modified use as a plasticiser or additive for 
polymers offers numerous advantages including low toxicity and 
biodegradability.58  
 
The carbon double bonds present in both vegetable and plant oils are used as 
reactive sites as they can be functionalised by epoxidation, this produces high 
molecular weight products. Due to the increase in awareness of the 
environment using such natural products is a driving force in the development 
of sustainable green materials.59   
 
Soybean Oil as an Alternative Plasticiser 1.6.1.  
In today’s society as energy demands increase and fossil fuel reserves are 
decreasing rapidly, there has been a growing importance in the application of 
renewable resources as an alternative.60 To date the most important 
vegetable oil used for epoxidation is soybean oil, with an estimated production 
of over 200,000 tonnes a year globally.61 
 
Soybean is a triglyceride with saturated and unsaturated fatty acids. Its fatty 
acid configuration consists of 3 fatty acids with 16−18 carbon chains linked to 
a glycerine molecule by ester bonds; 85 % of these are unsaturated, which 
leads to them being susceptible to conversion to the more reactive epoxide 
functional group.62 The double bonds present in the oil are in the “cis” 
configuration. The saturated fatty acids are palmitic (C16:0) and stearic 
(C18:0) and the unsaturated fatty acids are oleic (C18:1), linoleic (C18:2) and 
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linolenic (C18:3).63 The percentage composition of soybean oil can be seen in 
Table 1.2. 
 
 
Components 
of soybean 
oil 
Structure Percentage 
composition 
(%) 
Unsaturated Palmitic  CH3(CH2)14COOH 11 
Stearic  CH3(CH2)16COOCH3 4 
Saturated Oleic  CH3(CH2)7CH=CH(CH2)7COOCH3 26 
Linoleic CH3(CH2CH=CH)2(CH2)7COOCH3 52 
Linolenic CH3(CH2CH=CH)3(CH2)7COOCH3 7 
 
Table 1.2 Percentage composition of fatty acids in soybean oil 
Triglyceride molecules can be chemically modified through hydrolysis or 
transesterification or by reacting/modifying unsaturation present in the fatty 
acid chains. The last option leads to a large variety of functionalised 
molecules, with those containing epoxy or hydroxyl groups being probably the 
most popular choice.64,65 
 
Naturally occurring plant oils and fatty acids are considered to be the most 
important renewable feedstock processed in the chemical industry and in the 
preparation of bio-based functional polymers and polymeric materials66,67 
 
The main constituents of soybean oil are triglycerides can be seen in Table 
1.2; it is possible to chemically modify the triglyceride into reactive groups 
using an epoxidation reaction, due to the high content of double bonds 
present. The high double bond content makes it ideal for modification to the 
reactive epoxy group, and this produces bio-based epoxies system with 
satisfactory properties.68 Epoxidised vegetable oil not only improves the 
stability of the oil, but also provides adequate reactivity to form chemical 
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linkages with other polymer chains; epoxidised oils have been used as 
plasticisers and stabilisers to modify the properties of plastic resins or to act 
as reactive modifiers in epoxy resins.69 
 
Vegetable oils are commonly used as plasticisers, stabilizers, lubricants and 
starting materials to produce pre-polymers in surface coating,70 71 72 as well to 
improve thermoset polymers.73 
 
Poly(lactic acid) 1.6.2.  
Poly(lactic acid) (PLA) is biodegradable aliphatic polyester (Figure 1.16), and 
is derived from renewable resources such as corn starch and sugar cane.74  
The basic building block of poly(lactic acid) is lactic acid. It is a simple chiral 
molecule, which exists as two enantiomers, L-lactic acid and D-lactic acid. It 
can be produced by fermentation or chemical synthesis. The most widespread 
route is fermentation, in which sugars and starches are converted into lactic 
acid by bacterial fermentation using an optimized strain of Lactobacillus.75 
  
CH3
O
O
CH3
CH3
n
 
Figure 1.16 Poly(lactic) acid  
Over the last decade there has been an increase in demands for use of poly 
(lactic acid) in polymers. The main uses of PLA have been limited to medical 
applications such as implant devices and tissue scaffolds, because of its high 
cost, low availability and limited molecular weight. However the development 
of new techniques has allowed economical production of high molecular 
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weight PLA polymers and has broadened its uses, and now it can be found in 
commercially available goods such as food packaging.76 Due to its 
biodegradability it is considered a solution to waste disposal and the 
dependence on toxic plasticisers. 
 
Poly(lactic acid) is currently playing a key role in future markets of 
biodegradable polymers as a sustainable alternative to petrochemical origin 
material. When it is introduced into polymers in improves the flexibility and 
produces higher impact resistance, which has led to it being used as a 
plasticiser.  The properties produced by poly(lactic acid) provide a wide range 
of applications from commercial plastics to biomedical polymers. Poly(lactic 
acid) can be synthesised directly from lactic acid to achieve a high molecular 
weight polymer.   
 
1.7.  AIMS 
The aim of this study was to investigate the leaching effect of various 
phthalates and additives added to commercially available polypropylene 
which are introduced during the manufacturing process, and the effect of 
subsequent continuous exposure to microwave radiation on the polymer with 
regard to degradation.  
 
This was achieved by carrying out long term studies exposing containers to 
various forms of microwave irradiation as well as exposure to various solvents 
which could mimic food conditions, to see if a particular food group aids 
leaching as well as promoting degradation and other effects on the polymer.     
 
The commercially available polypropylene containers will be exposed to a 
simulation cycles of reheatings in a domestic microwave at 800 W for three 
minutes, as well as exposure to the Mars Microwave Extractor with various 
food-mimicking solvents at 800 W for three minutes, and the Biotage 
Microwave Reactor at 78°C for three minutes. 
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After each simulation cycle the container was analysed using a range of 
analytical techniques to identify changes to the polymer. 
 
GC-MS analysis was be used to identify and quantify any leaching occurring, 
at each reheating stage. Samples of solvent were removed after each 
reheating and analysed using the Selected Ion Monitoring method on the GC-
MS.  The leachate concentrations extracted will then  be tested on human cell 
lines using cytotoxicity tests to demonstrate their detrimental effect, as the 
Environmental Protection Agency (EPA) in 2011 considered some of these 
leaching phthalates and additives as substances that had no health concerns.  
 
This study was to involve modification of polypropylene by developing 
alternative bio-plasticisers that could be used in the polymerisation process.  
These modified polypropylene polymers were analysed after immersion within 
food mimicking solvents and subsequent exposure to microwave radiation, to 
assess whether the newly-developed polymers were viable for use in reusable 
containers. 
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In order to determine which phthalates and additives were leaching out of 
commercially available plastics, a range of microwave irradiation methods 
were employed, using a variety of food-mimicking solvents which were 
provided as standards by the Regulations enacted by the European Union 
(10-2011). 
 
2.1.  MATERIALS REQUIRED FOR SIMULATION STUDIES. 
Polypropylene containers were purchased (99p Store UK) as representative 
samples to use for the studies; four packets containing three containers were 
purchased. 
 
The following solvents were purchased to mimic various food conditions: 
2,2,4-trimethylpentane (Sigma Aldrich), ethanol (Sigma Aldrich), acetic acid 
(Sigma Aldrich), dichloromethane, (Sigma Aldrich), tetrahydrofuran (Sigma 
Aldrich), acetone (Sigma Aldrich) and vegetable oil (Waitrose, England UK).  
 
Table 2.1 demonstrates solvents used to mimic various food simulants.   
 
Regulations provided by the European Union (10-2011) for plastics intended to 
come into contact with food provides a list of useful simulants (Table 2.1) that 
can be used to mimic various food conditions.77 
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Table 2.1 Solvents used to mimic food conditions 
Phthalate standards benzyl butyl phthalate 98%, diethyl phthalate 99%, 
dimethyl phthalate 99%, bis(2-ethtlhexyl) phthalate 98%, di-n-octyl phthalate 
98%, bisphenol A 99 % and benzyl benzoate were purchased from Sigma 
Aldrich for use throughout the simulation studies and quantification. 
 
 
 
 
 
 
 
 
Solvent Simulant 
Oil Fatty food 
Isooctane78 Fatty food 
Ethanol 90%78 Fatty food 
Ethanol 10%78 Aqueous 
Distilled water79 Aqueous 
Acetic Acid80 Acidic 
DCM Exposure to harshest conditions 
THF Exposure to harshest conditions 
Acetone Exposure to the harshest conditions 
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2.2.  CELL CULTURE STUDIES 
Cell culture studies were carried out in order to test leachate amounts on 
Human colorectal cells, in order to determine any cytotoxic effect. 
  
Human colorectal cells (ATCC® HTB-37) were purchased from American Type 
Culture Collection (ATCC); Eagle's minimum essential medium (EMEM); 
Foetal bovine serum (FBS); (LGC standards), absolute ethanol (Sigma 
Aldrich), 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide solution 
and dimethyl sulfoxide (Sigma Aldrich). 
2.3.  SYNTHESIS OF ALTERNATIVE POLYMERS 
Dimethylaminopyridine (Sigma Aldrich), N, N’dicyclohexylcarbodiimide (Sigma 
Aldrich) and Lactic acid, anhydrous 98% (VWR) were purchased for the 
synthesis of poly(lactic acid).  
   
Coconut oil (Waitrose UK), rape seed oil (Waitrose UK), soybean oil (Sigma 
Aldrich), glacial formic acid( Sigma Aldrich), sulphuric acid (Sigma Aldrich), 
hydrogen peroxide solution 30 % (Sigma Aldrich), and acetonitrile  HPLC 
grade ( Sigma Aldrich) were used for the epoxidation studies. 
 
Polypropylene powder average molecular weight ~12,000 (VWR 
international), p-xylene analytical standard (Sigma Aldrich) and 
poly(propylene-graft-maleic anhydride) average molecular weight ~9,100 by 
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GPC (VWR international) were used in the synthesis of various polymer 
blends. 
2.4.  SIMULATION STUDIES 
In order to determine the point at which the containers release harmful 
quantities of phthalates and additives, preliminary microwave simulation 
studies were carried out. The plastic food containers were individually exposed 
to several food mimicking conditions (Table 2.1), with exposure to various 
microwave simulated conditions.  
 
Microwave Simulation Studies Using a Domestic 2.4.1.  
Household Microwave. 
A Toshiba ER-7620 domestic household microwave was used for the 
simulation studies.   
 
Polypropylene containers (x3) were filled with distilled water (200 ml).  
Microwave irradiation was applied to the polypropylene containers at 800 W 
(78oC) for 3 min. After naturally cooling for 10 min an aliquot (20 ml) was 
taken using a standard volumetric pipette (Fisher Scientific), and stored in a 
glass vial for analysis. 
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Leaching was investigated by Gas Chromatography–Mass Spectroscopy 
analysis to determine the amounts of phthalate or additive present in the 
water. 
Microwave Simulation: Biotage Microwave Reactor at 2.4.2.  
78oC 
Microwave irradiation was carried out using a Biotage® Initiator fourth 
generation microwave synthesiser. The Biotage microwave allowed 
microwave irradiation to occur very efficiently, with the use of different phases 
i.e. solvents, which could be used to mimic food conditions.    
 
Each sample of food-mimicking solvent (20 ml) including a control sample was 
heated to 78oC for 3 min.  Once the reactor had reached completion the 
samples were left to cool. An aliquot (5 ml) of food mimicking solvents was 
removed from each vial after every simulation and stored in glass vials for 
further analysis. 
 
Microwave Simulation: Mars Microwave Reactor 2.4.3.  
A Mars-5 CEM Cooperation microwave was used for additional microwave 
simulation. Polypropylene containers were cut to approximately 0.17g and 
placed in a pressure-sealed Teflon tube. Each tube was filled with food-
mimicking solvent (20ml) (table 2.1) as well as a control polypropylene 
sample; a blank was also introduced to take into account any leaching 
occurring from the Teflon tubing.   
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Samples were placed in the carousel for 3 min at 800 W.  Once the reaction 
had reached completion samples were left to cool for 15 min, aliquots (10 ml) 
were removed and stored in glass vials for further analysis. 
 
2.5.  ANALYTICAL TECHNIQUES USED IN SIMULATION 
STUDIES 
The following analytical techniques were used for the analysis of 
polypropylene samples used in the microwave simulation studies.  The 
subsequent techniques were also used in the identification of poly(lactic acid), 
epoxidised oils and for the analysis of the synthesised polymer blends. 
 
Gravimetric Analysis 2.5.1.  
Prior to simulation studies each polypropylene sample was weighed in triplicate 
and was re-weighed after immersion in the simulation studies.  This would 
allow the percentage weight gain/loss to be calculated (Equation 3).  
 
% 𝑀𝑎𝑠𝑠 𝐶ℎ𝑎𝑛𝑔𝑒 =
𝐹𝑖𝑛𝑎𝑙 𝑀𝑎𝑠𝑠 − 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑀𝑎𝑠𝑠 
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑀𝑎𝑠𝑠
 𝑥 100 
 
Equation 3 Mass change 
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Polypropylene samples used in simulation studies were placed by using 
tweezers into a weighing boat on a Fischer scientific MH-214 accurate 
weighing balance to four decimal places.  After each reheating cycle the mass 
of the polypropylene sample was recorded.  This was repeated in triplicate for 
each sample for reproducibility. The triplicate data was entered into a 
Microsoft Excel® spreadsheet to calculate the percentage mass change.  
 
  X-ray Diffraction Analysis  2.5.2.  
X-ray diffraction (XRD) analysis was carried out in conjunction with gravimetric 
analysis. XRD analysis was carried out using a Bruker-AXS diffractometer 
(model D8 Advance).  
 
Polypropylene samples from microwave simulations, were mounted onto a 
polystyrene sample holder. Data was collected using the Commander 
Software package using a 2-theta scale from 5°-50°. 
 
Contact Angle Analysis  2.5.3.  
Contact angle analysis was carried out using the Kruss drop shape analyser 
(DSA30) fitted with a high-resolution camera with a 6.5x manual zoom lens ( 
Figure 2.1).  
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Figure 2.1 Contact angle analysis 
 
Using the sessile drop method, a syringe was loaded with distilled water (5 
ml). The polypropylene samples were placed on the flat surface of the table 
lift, and were in turn photographed with the droplet set to 10 µl falling onto the 
surface (Figure 2.2).  Using the Kruss DSA30B controlled software the angle 
of the drop was measured and recorded. 
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Figure 2.2  Components of the contact angle analysis 
Attenuated Total Reflectance – Infrared Spectroscopy 2.5.4.  
(ATR-IR) 
ATR-IR was carried out on polypropylene samples using an ATR-IR 
instrument (Nicolet iS ATR-IR spectrometer) after 8 scans, from 550 cm-1 to 
4000 cm-1. Initially a background scan was obtained by placing the solid 
polypropylene samples in direct contact with the ATR diamond probe. After 
the background scan was obtained ATR-IR analysis was carried out on a 
control polypropylene container. ATR-IR analysis was then carried out on 
every polypropylene sample after each 10 complete simulation cycles for 
comparison. 
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Optical Microscopy 2.5.5.  
Polypropylene samples (2.3.2 and 2.3.3) were mounted onto the mechanical 
stage of the Olympus BX51 polarising microscope with digital image capture.  
The focus knob was adjusted until the image was sharp.  The condenser was 
then adjusted to increase the light intensity.  The objective lens was used to 
increase the magnification from 10x to 1000x. Olympus image analysis 
software was used to capture images of the polypropylene samples.  
 
Initially optical microscopy was used to capture an image of the control 
polypropylene sample, then at the end of the microwave simulation cycle. 
 
Scanning Electron Microscopy (SEM) 2.5.6.  
SEM was carried out on synthesised polymer blends using a JEOL 6310 
Scanning Electron Microscope fitted with an Oxford Instruments ISIS x-ray 
microanalysis system.  Polypropylene samples were mounted onto a SEM 
slide.  SEM images were captured using a current of 1.5 nA.  Images were 
captured of the polypropylene samples prior to simulation and at the end of 
the simulation cycle.  SEM was also used on the new polymer blends. 
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Differential Scanning Calorimetry (DSC) 2.5.7.  
Thermal analysis was carried out using a Mettler DSC 25 from 50oC to 300oC. 
DSC of polypropylene samples was carried out to determine the 
thermochemical properties of polypropylene as well as its thermochemical 
properties with each simulated usage cycle. Initially DSC analysis was carried 
out on a control polypropylene container.  Subsequently DSC analysis was 
carried out at the end of the simulation cycle. 
 
Polypropylene (0.5 mg) was weighed using an analytical balance onto the 
aluminium DSC pan, then using forceps the other half of the aluminium pan 
was put on top of the sample. The pans were sealed using an encapsulating 
press. An empty aluminium pan was crimped and used as a reference 
sample. The pans were loaded into the DSC instrument and a thermogram 
was then recorded from 0oC-220oC at a rate of 20°C min-1. 
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2.6.  CHEMICAL ANALYSIS: METHOD DEVELOPMENT FOR 
THE QUANTIFICATION OF LEACHING PHTHALATES AND 
ADDITIVES 
The aim of this study was to develop a specific, sensitive and reproducible 
method to detect and quantify leached phthalates and additives using GC-MS. 
 
Instrumentation    2.6.1.  
GC-MS was performed with the Shimadzu AOC-20s Auto injector/Auto 
sample; supported with an auto sampler; fitted with a robotic arm with the 
capability of supporting 150 sample vials.  The system was controlled through 
Shimadzu Lab Solutions Software. 
 
Methods 2.6.2.  
In order to develop a selected ion monitoring (SIM) method each phthalate 
and additive of interest was initially run on a full scan in order to obtain 
fragment ions and retention times. 
 
Individual solutions of all 6 possible phthalates were prepared as follows; 
each phthalate / additive (10 µL) were micropipetted using a 1-20 μl 
Eppendorf micropipette into a 10 ml volumetric flask; this was then made up to 
the mark using (9990 µl) Acetonitrile (ACN). The resulting solution was 
injected into the GC-MS instrument. 
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The mass fragments and retention time (Figure 2.3) of each phthalate and 
additive in question were obtained, (Table 2.2) and these can also be seen in 
the TIC for each individual compound in Figures 2.4-2.9. 
 
Phthalate / Additive Retention Time (Rt) Ion used for 
detection 
Dimethyl phthalate  5.245 163.00 
194.00 
Diethyl phthalate 5.505 149.00 
177.00 
Benzyl benzoate (Internal 
Standard)  
5.895 105.00 
212.00 
Bisphenol A  6.640 213.00 
228.00 
Benzyl butyl phthalate 6.790 149.00 
206.10 
Bis-2(ethylhexyl) phthalate 7.190 149.10 
279.10 
Di-n-octyl phthalate  7.745 149.00 
279.00 
 
Table 2.2 Mass fragments and retention time of each phthalate and 
additive 
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Figure 2.3   GC-MS chromatogram showing distinctive peaks for the phthalates and additives in question 
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Figure 2.5 TIC of DEP 
Figure 2.4 TIC of DMP 
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Figure 2.6 TIC of BPA 
 
 
Figure 2.7 TIC of BB 
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Figure 2.8   TIC of BBP 
 
 
 
Figure 2.9   TIC of DEHP 
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Figure 2.10   TIC of DNOP 
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It is expected that trace amounts of these leachates will be present in the 
immersion solvents from the simulation studies.  Therefore it was decided that 
selected ion monitoring (SIM) would be the best method to allow quantification 
of even the lowest amount of phthalate.   The SIM method allows an increase 
in sensitivity; this is achieved by adjusting the mass scan rate as well as the 
dwell time.  Sensitivity is also increased due to undesirable ions are being 
filtered out; selectivity is set and this in turn eliminates and matrix interference.  
Using the SIM method allows the instrument to detect specific analytes (Table 
2.2) where two ions of each particular analyte are monitored; those ions are 
unique to each phthalate or additive.  
 
The SIM method was developed using split-less injection method, this allows 
all the carrier gas to pass to the column.  This is very useful for the target 
analytes for determining trace quantities.  The flow rate remains the same in 
both split and split-less method (1-4 ml/min) and the only path for the injection 
to take is into the column since the split vent is now closed; however this 
method is slower than the split method due to the low gas flow peaks tending 
to be broader; to alter this the temperature of conditions of the oven had to be 
lowered to 20˚C below the temperature of the solvent being used, which was 
50/50 ACN/Water:  As the solvent condensed onto the front of the column and 
trapped the solute molecules, this allowed the sample to be focused onto a 
narrow band.  
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For the SIM method specific parameters of the GC-MS had to be adjusted 
from the default method in order to successfully quantify leaching amounts.  
Figure 2.11 shows the parameters altered for the sampler; For example prior 
to running any samples, the sampler was rinsed with acetonitrile to stop any 
cross contamination. Figure 2.12 displays the specific parameters changed for 
the GC, the column oven temperature was set at 60°C, however the injection 
temperature was set to 280°C in order to vaporise the sample. Sampling time 
and pressure can be seen in Figure 2.13. 
 
 
 
 
 
 
 
Figure 2.11  Sampler parameters for GC-MS SIM method 
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Figure 2.12  GC parameters for SIM method 
 
 
 
 
 
 
                                       Figure 2.13  MS parameters for SIM method 
A calibration curve was produced for quantification of any leachates. Benzyl 
benzoate was used as the internal standard (Figure 2.14). 
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Figure 2.14  Benzyl Benzoate 
The internal standard is added to the samples at a constant concentration, as 
well as to the blank samples, it is also used for calibration plotting ratio of the 
analytes signal to the internal standard signal as a function of the phthalate 
additive concentration in the standards.  
 
Benzyl benzoate was added to correct for the loss of analyte during the 
sample preparation or inlet. Benzyl benzoate has a similar chemical structure 
to the phthalates and additives in question but is not identical yet has a similar 
signal but different enough to distinguish between the phthalates and 
additives.81 
 
Preparation of Calibration Standards 2.6.3.  
Calibration stock standards were prepared, using a Eppendorf micro pipette  
100 µl of each pthalate and additive (Table 2.2) were pipetted  into individual  
10 ml glass volumetric flasks and made up to mark with ACN (9900 µl). 
 
The next stage was to create mix stock solutions not including the internal 
standard. 10 µL of each individual stock solution were pippeted into one glass 
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volumetric flask and made up with 9940 µL of ACN. From this mix stock solution 
a calibration was prepared from 0 ppb–1000 ppb using ACN and distilled water. 
Preparation of Internal Standard 2.6.4.  
An internal standard was prepared using a 100-1000 µl Eppendorf micro 
pipette, 500 µl of Benzyl benzoate was pipetted into a 50 ml volumetric flask.   
 
2.7.  QUANTIFICATION OF THE LEACHATES FROM 
MICROWAVE SIMULATION STUDIES 
Prior to each GC-MS run, calibration standards were prepared in accordance 
to the regulations provided by the International Council for Harmonisation of 
Technical Requirements for Pharmaceuticals for Human Use (ICH), which 
provide validation for analytical procedures. Calibrations were prepared from 
0-1000 ppb.  500 µl of each calibration stock was pipetted using a 100-1000 µl 
Eppendorf micropipette, into a GC-MS glass vial. Internal standard (500µl) 
was pipetted into each calibration sample. The calibration sample was 
crimped shut and loaded onto the auto sampler. By using calibration 
standards a calibration curve is created; this enables the determination of an 
estimate of the amount of phthalate or additive leached of an unknown 
concentration, this is achieved by determining the relationship between the 
peaks of the known calibration standards to in comparison to the unknown 
leaching amounts. 
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Samples collected in microwave simulations were spiked with an internal 
standard.  500 µl of each sample collected was pipetted into a GC-MS glass 
vial, subsequently 500µl of internal standard was used to spike each sample.  
The sample was crimped shut and loaded onto the auto sampler. 
 
Calibration 2.7.1.  
A calibration curve was produced to enable to quantification of any leachates. 
Benzyl benzoate was used as the internal standard, which was added to the 
samples in a constant concentration, as well as to the blank samples. This 
internal standard was used for calibration plotting the ratio of the analyte 
signal to the internal standard signal as a function of the phthalate additive 
concentration in the standards.  Benzyl benzoate was added to correct for the 
loss of analyte during the sample preparation or inlet.  Benzyl benzoate has a 
similar chemical structure to the phthalates in question, but is not identical and 
has a similar retention time that is similar to the phthalates in question but 
different enough to distinguish between the phthalates and additives.81 
 
Validation and Data Analysis 2.7.2.  
Each analytical run was prepared with fresh calibration and analysed on the 
GC-MS within a 48 hour period. 
 
To be fit for the intended purpose to correctly identify and quantify the 
leaching phthalates and additives, the GC-MS SIM method must meet certain 
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validation characteristics. The parameters set for this method were validated 
according to the Food and Drug Administration (FDA) guidelines: these 
include parameters such as the lower limit of detection (LLOD), Lower limit of 
quantification (LLOQ), and linearity; accuracy and extraction recovery. For 
every batch process a negative control sample representing a blank matrix 
was used. Calibration curves and quality control checks after every 10 
samples were prepared by spiking the blank matrix of each sample with a 
known concentration of internal standard (benzyl benzoate) (50 ppb) along 
with the internal standard (IS). The calibration curves were plotted by 
calculating the ratio of the internal standard against the known spiked 
concertation of the phthalates and additives. The ratio was reached by 
dividing the area under the peak of the leaching phthalate or additive by the 
area of the internal standard peak. The peak area uses the integration of each 
specific phthalate and additive which elutes at a given retention time. For 
accurate integration each peak was auto integrated using the Shimazdu 
workstation software. The software automatically calculates the peak area by 
determining the height of each peak multiplied by its width at half height when 
the peak is at its typical shape known as the Gaussian shape.82  The data was 
then processed using Microsoft Excel™.   
 
Assessment of linearity (LLOD) was carried out. Batch effects in large 
experiments are almost unavoidable, especially when sensitive detection 
techniques like mass spectrometry (MS) are employed. In order to obtain 
peak intensities that are comparable across all batches, corrections need to 
be performed, i.e. signals with intensities too low to be detected with certainty 
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are common, and the batch correction methods need to take these into 
account. 
 
Batch correction methods consist of regression models, as well as accounting 
for trends within batches. To fit these models quality control samples (QCs) 
were injected at regular intervals. The use of quality control samples for batch 
correction leads to accuracy in the results; quality controls were included after 
every 10 samples. The data set was characterised the results of batch 
correction when within the individual data shows no batch drift therefore, the 
samples did not have to be corrected. 
 
 
 
Figure 2.15 Batch QC showing no batch drift 
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Selectivity 2.7.3.  
The selectivity of the analytical method to analyse and quantify various 
leaching additives (Table 2.1) was established by providing data to prove the 
absence of interference peaks at the same retention time as the phthalates 
and additives in question as well as the internal standard with regard to 
degradation and impurities in the matrix. The International Union of Pure and 
Applied Chemistry (IUPAC) views on selectivity are defined by the 
determination of a mixture of analytes to be clearly distinguishable from the 
components in the matrix.83 This is expressed through the IUPAC view that 
“specificity is the ultimate goal of selectivity”. Selectivity of the chemicals in 
question was assessed by ensuring the eluting peak was homogeneous, by 
ensuring no peak was overlapping and therefore masking, suppressing or 
enhancing the intensity of any other peak. 
 
Linearity 2.7.4.  
The m/z values of the leaching additives were obtained by GC-MS analysis 
and from these the linearity was determined. Applying linear regression to the 
calibration data obtained gave the equation for a calibration plot. From this the 
leaching concentration was determined.    
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Detection Limits 2.7.5.  
The limit of detection (LOD) is defined as the lowest quantity of a substance 
that can be distinguished in a sample in comparison to the blank sample.84 
The lower limit of quantification (LLOQ) (5 ppb) and upper limit of 
quantification (ULOQ) (1000 ppb) are defined as the lowest and highest points 
of analyte concentration of the calibration curve that can be correctly 
quantified with reasonable precision and accuracy.85 The levels of accuracy 
and precision was determined, based on the calculations of the quality control 
samples which were formed by running a known mixed sample including all 
the phthalates and additives at standard known points.  The accuracy was 
determined by comparing the known quality control sample at each 
successive check point.  
 
2.8.  QUANTIFICATION 
Percentage extraction recovery was determined by comparing a spiked 
calibration standard to the amounts of analyte extracted from the collected 
samples.  The method was validated by comparing the peak area ratio of the 
spiked calibration with the spiked internal standard (benzyl benzoate) to the 
samples collected.  
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2.9.  SYNTHESIS OF A NOVEL POLYMER 
Direct Poly-Condensation of Lactic Acid 2.9.1.  
Anhydrous lactic acid (5g) was added to a round bottom flask equipped with a 
reflux condenser with dichloromethane (24 ml).  4-Dimethylaminopyridine (0.4 
g) was added to the mixture and cooled to 0oC. Subsequently N, N’-
dicyclohexylcarbodiimide (17 g) was added over 5 minutes. The mixture was 
stirred at room temperature for 24 hours. The resulting white precipitate was 
removed by filtration. The reaction mixture was subsequently was washed 
twice with hydrochloric acid (0.5 M) and then distilled water and subsequently 
dried using anhydrous sodium sulphate, after which the remaining solvent 
was removed in a rotary evaporator.  
 
The product poly(lactic acid) (PLA), which was characterised by proton 
nuclear magnetic resonance spectroscopy, was dried under pressure and 
purified by re-precipitation in chloroform and hexane to produce a white 
powder. 
Epoxidation of Soybean Oil 2.9.2.  
Acid catalysed epoxidation was carried out using sulphuric acid, initiated by 
hydrogen peroxide (H2O2). A molar ratio of 1:2:64:8.9,
86 soybean oil: formic 
acid: hydrogen peroxide was reacted as follows. A solution of soybean oil 
(100 g) and glacial formic acid (13.97g) was heated in a round bottom flask at 
45-55oC. Sulphuric acid (0.5 ml) was added to the solution, along with H2O2 
(30 % wt.) (116.98 g) using a dropping funnel, and reacted at 50oC for 24 h.  
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Distilled water was used to wash the crude product repeatedly till a pH of 7 
was reached, after which anhydrous sodium sulphate was used to dry the oil 
phase, and subsequently filtered using a Buchner funnel. The water residue 
was then evaporated using a rotary evaporator at 50oC.   
 
Epoxidation of rapeseed oil was carried out using the same conditions as 
stated above, except that rapeseed oil (100 g) was used instead of soybean 
oil.  Times and conditions were kept the same.   
 
For the epoxidation of coconut oil the method employed was the same except 
that coconut oil (100g) was used and the reaction was carried out over 72 h. 
 
2.10.  CELL CULTURE AND MTT CELL PROLIFERATION ASSAY 
Caco-2 human colorectal cells (ATCC® HTB-37) were prepared and seeded 
out at approximately 2x104 cells/well into 96 well plates (Nunc, Netherland) in 
Eagle's Minimum Essential Medium (EMEM) containing 20% Foetal bovine 
serum, where cells were allowed to establish for 48 h prior to treatment in the 
96-well culture plate (Figure 2.16-2.17). EMEM Media was subsequently 
removed and fresh media containing treatments (8 wells used per condition) 
were added. The treatments were as follows; Initially 100 µl of diethyl 
phthalate, dimethyl phthalate, bisphenol A and bis(2-ethtlhexyl) phthalate 
were dissolved individually in 100 ml of absolute ethanol. 
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The untreated media was used as a negative control. After 24 or 96 h of 
treatment, the media were removed and the cells washed twice with 37oC 
sterile PBS. Cells were then incubated with 200 l per well of 0.5mg/ml 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution in 37oC 
EMEM with no additions for 3 h at 37oC. After incubation, the MTT solution 
was carefully removed and the wells washed twice with sterile PBS. Finally, 
200 l of dimethyl sulfoxide (DMSO) was added to each well to lyse the cells.  
 
The cells were then gently agitated to mix the samples and analysed on a 
TECAN Infinite M200 pro plate reader at a wavelength of 540 nm. 
Experiments were performed in triplicate. 
 
Statistical Analysis 2.10.1.  
Statistical analysis was performed with Graphpad Prism 6 (2014) software, 
using analysis of variance (ANOVA) with a Dunnett post hoc test with 
confidence intervals of 95% (p < 0.05).
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Figure 2.16 Schematic representation of 96 well plate preliminary plating 
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Subsequently BPA was investigated at various leaching concentrations. 
 
 
Figure 2.17 Schematic representation of 96 well plate for various BPA leaching amounts 
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2.11.  POLYMER BLENDS 
In order to investigate which epoxidised oil or mixture of oils produced the 
best alternative plasticiser, various ratios of oil were melt-blended with 
polypropylene powder, poly(lactic acid) and polypropylene-graft-maleic 
anhydride (PGMA)(Figure 2.18). 
 
 
 
Figure 2.18   Polypropylene graft maleic anhydride  
Initially polypropylene powder (2.5 g) was weighed into a round bottom flask 
with polypropylene-graft-maleic anhydride (2.5 g), poly(lactic acid) (1.2 g) and 
epoxidised soybean oil (2.50 g).  The mixture was heated to 180oC for 8 h 
under reflux with a magnetic stirrer at 800 rpm. Once the blend was 
homogeneous the mixture was poured into a non-stick Teflon mould and 
heated over the period of 4 h in a vacuum oven at 140oC, 80 oC, 40 oC and 20 
oC, till a solid sample was formed. 
 
Further blends were produced using various ratios of polypropylene, 
polypropylene graft maleic anhydride, poly(lactic acid) and epoxidised oils. 
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PP (g) PGMA (g) PLA (g) Epoxidised soybean oil (g) 
2.50 2.50 1.2 2.50 
2.50 2.25 1.125 2.25 
2.50 2.00 1.000 2.00 
2.50 1.75 0.875 1.75 
2.50 1.50 0.750 1.50 
2.50 1.25 0.625 1.25 
2.50 1.00 0.500 1.00 
2.50 0.75 0.375 0.75 
2.50 0.50 0.250 0.50 
2.50 0.25 0.125 0.25 
 
Table 2.3 Various ratios of PGMA, PLA and epoxidised 
soybean oil used to prepare blends 
The same method was applied for the following two epoxidised oils, (Table 
2.3), epoxidised rapeseed oil and epoxidised coconut oil.  Polypropylene was 
melt-blended with PGMA, PLA epoxidised soybean oil and epoxidised 
rapeseed oil. Subsequently the final polymer blend polypropylene was melt-
blended with PGMA, PLA, epoxidised soybean oil, epoxidised rapeseed oil 
and epoxidised coconut oil.  
 
This process was to determine what ratio of oils produced a non-toxic 
plasticiser to formulate a suitable polymer with the same desirable 
characteristics as those produced with the harmful phthalates and other 
additives.  
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3.1.  ANALYSIS OF POLYPROPYLENE MICROWAVE 
SIMULATION STUDIES 
The initial stages of this work involved assessing polymer degradation when 
exposed to various chemicals, which mimicked food conditions to see if this 
had an effect on additive leaching. Solvents were chosen to mimic food 
simulants, to relate to migration levels of plasticisers and additives into, or out 
of food.   
 
Polypropylene samples were analysed over a period of 390 reheating cycles 
(n=3). Reheating was carried out by exposing the sample to 800 W of 
microwave radiation in a household microwave oven for 3 min. Gravimetric 
analysis was carried out after each heating cycle with each increase/decrease 
in mass being measured in triplicates an average was recorded and plotted 
into a chart (Figure 3.1 and Figure 3.2). 
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Figure 3.1 Average mass increase (g) of Polypropylene samples when exposed to various food mimicking solvents under microwave simulated 
conditions during 390 reheatings 
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Figure 3.2 Average mass decrease (g) of Polypropylene samples when exposed to various food mimicking solvents under microwave simulated 
conditions during 390 reheatings 
 
 
-0.0080
-0.0070
-0.0060
-0.0050
-0.0040
-0.0030
-0.0020
-0.0010
0.0000
1 32 60 91 121 152 182 213 244 274 305 335 366
Tetrahydrofuran Dichloromethane
 
Chapter 3: RESULTS AND DISCUSSION 
 93 
The diffusion analysis was used to assess if any degradation in the polymer 
occurred after samples were exposed to the domestic microwave reactor at 
78oC.  The average mass increase/ decrease can be seen in Table 3.1. 
 
 
Food mimicking 
solvent  
Food Environment Mass increase 
decrease (wt %) 
Distilled water Aqueous 40.0 
Ethanol 10 % Aqueous 7.2 
Ethanol 90 % Fatty 5.6 
Vegetable Oil Fatty 15.5 
Isooctane Fatty 6.6 
Acetic Acid Acidic 5.5 
Acetone Harshest conditions -3.6 
Dichloromethane Harshest conditions -5.4 
Tetrahydrofuran Harshest conditions -5.5 
 
Table 3.1 Average mass increase / decrease of polypropylene 
samples 
Data collected from the microwave simulation studies showed that 
polypropylene immersed in distilled water and exposed to microwave radiation 
had the greatest mass increase. Dichloromethane and tetrahydrofuran, 
solvents chosen to represent the harshest possible conditions, showed an 
expected decrease in polymeric mass and as a result showed a deterioration 
of the polymer’s physical characteristics. 
 
Synthetic polymers absorb moisture when they are in a humid atmosphere or 
immersed in water. The sorption of water depends mainly on the nature of the 
solvent until the process reaches an equilibrium state. The equilibrium state of 
each sample (Figure 3.1 and Table 3.2) depicts a clear plateau from each 
individual sample; however for the polypropylene sample immersed in 
vegetable oil there are four distinctive plateau points before a final equilibrium 
is reached. This could be where the polymer is rapidly swelling after exposure 
to its various conditions.  
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The migration process of food mimicking solvents into the polypropylene can 
be divided into four major steps:  
 
 Diffusion of chemical compounds through the polymers 
 Desorption of the diffused molecules from the polymer surface  
 Sorption of the compounds at the plastic–food interface  
 Desorption of the compounds in the food 
 
The mass diffusion process is usually governed by Fick’s laws. The steady 
state diffusion process indicates no change in concentration over the time. 
The mass transfer of solvent between the packaging and food are influenced 
by non-steady state conditions.87 Diffusion equations are used to describe the 
transport of food mimicking solvent through the polymeric membranes or the 
process of sorption or desorption of the solvent into the polymer bulk. The first 
and the second Fick’s laws are the basic formulae to model both kinds of 
systems. Diffusion in polymers depends strongly on the concentration and 
degree of swelling of polymers. The first mathematical treatment of diffusion 
was established by Fick who developed a law for diffusion in one dimension:  
 
 
𝐽 =  −𝐷
𝛿𝜓
𝛿𝑥
 
Equation 4  Ficks law of diffusion 
Ficks law of diffusion (Equation 4) assumes that the flux of solvent goes from 
regions of high concentration to regions of low concentration across the 
concentration gradient. 
 
(𝛿ψ/𝛿x):  Where J is the flux, D is the diffusion coefficient, ψ is the gradient 
concentration and x is the dimension of length.  
 
The partition coefficient (kp) that determines the migration at the polymer-
solvent boundary can be written as:  
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𝐾𝑃= 
Cs
Cp 
 
Equation 5 The partition coefficient (kp) that determines the 
migration at the polymer solvent boundary 88 
Studies found that the partition coefficient of the polypropylene becomes 
lower as the migrant concentration of the food mimicking solvent (cs) was 
absorbed into the polymer. Pringer et al showed that when fatty foods are in 
contact with polymers the partition coefficient is very low this allows diffusion 
to occur easily.18   
 
This phenomenon can be seen in the ATR-IR analysis for vegetable oil and 
isooctane, these food mimicking solvents can lead to the polymer swelling; 
this can be noted from the increase in mass in the gravimetric analysis (Figure 
3.1) this process is accelerated by heat.89  
 
When the polymer is heated using microwave irradiation with food mimicking 
solvents (Table 2.1) it influences the partition coefficients, and the solubility of 
the food mimicking solvents, as well as causing changes to the polymer, the 
change in temperature greatly influences diffusion of the migrating food 
solvent.90  
 
Other food mimicking solvents used in the procedure showed a general trend 
of increase in mass after each heating cycle for example distilled water had 
the greatest increase in mass (40 %) as well as vegetable oil, which had a 
15% increase in mass after 390 reheating cycles. This mass increase in the 
polymer immersed in distilled water may due to the polymer absorbing 
moisture from the solvent. Grinstead et al showed diffusion can be observed 
in polymer systems and the rate at which it occurs is greatly increased by 
aqueous and alcoholic substances; Solvents such as distilled water are said 
to act as “softening agents” since absorption of moisture induces property 
changes.91,92 These include one or more of the following changes to the 
polymer, the glass transition can be reduced as well as the moduli of the 
polymer, the polymer becomes weaker and is prone to fracture strain and has 
reduced impact strength. 93,94,95  
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Diffusion of chemical compounds into foods has caused concerns due to the 
potentially adverse effects of food products on human health. Polypropylene 
can absorb microwave radiation, converting this energy to heat, which is then 
transferred from the susceptors to the food product by conduction, this 
creates localised areas of high temperature on the polymer surface, which 
can lead to the deterioration of the polypropylene and promote diffusion into 
the polymer as well as migration out of the polymer.96 
 
Samples immersed in acetone, DCM and THF (harshest conditions) that can 
be seen in Figure 3.2 demonstrated a decrease in mass -3.6%, -5.4% and -
5.5 % respectively.  It is possible that at these points the polymer is thermally 
degrading. When polymers thermally degrade the polymers physical and 
structural properties are altered, through a process known as chain scission, 
which occurs on the long backbone of the polymer chain. When polymers are 
exposed to microwave irradiation they create both cross-linkages with food-
stuffs and chain scissions cross linkages that occur between the foodstuffs 
and polymer are said to be stable however the scissions that occur can cause 
migration out of the polymeric material. 
 
There has been an area of critic by The Centre of Disease Control and 
Prevention (CDC) and The World Health Organisation (WHO) into the safety 
of food once it has been irradiated in such polymeric materials. The Food and 
Agricultural Organisation have raised concerned about the volatile 
compounds leaching once chain scissions occur as they are said to be 
carcinogenic.97  The chain scission that occur will eventually cause the chain 
to break apart; scissions may also occur randomly throughout the polymer 
chain, as well as at along cross-linkages.98 
 
THF and DCM were introduced to explore what happened to polymers under 
the harshest conditions, these three conditions show a steady decrease in 
mass, apart from acetone after 135 reheatings where there is a sudden steep 
drop before it continues to decrease in mass until it reaches its equilibrium 
state.  This trend also occurs when the samples are immersed in THF and 
DCM; However after the second heating cycle, the mass of the original PP 
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sample decreases significantly, and there are also significant physical 
changes which can be seen in the sample physical structure, with a notable 
colour change, cracking and a change in the ductility of the PP.99     
 
As the polymer is broken down by these various chain scissions it can result 
in the release of incorporated plasticisers such a bisphenol A and bis(2-
ethylhexy) phthalate and a subsequent recorded decrease in mass of the 
polymer. This can be seen through gravimetric analysis (Figure 3.1 and 
Figure 3.2). 
 
3.2.  ATTENUATED TOTAL REFLECTANCE SPECTROSCOPY 
Prior to simulation studies ATR-IR spectroscopy was carried out on the 
untreated control polypropylene in order to use it as a standard comparison 
point (Figure 3.3). 
 
Table 3.2 shows the peaks that were assigned to bonds present within the 
control sample of polypropylene (Figure 3.3). 
 
Wavenumber cm-1 Peak 
3073 C-H sp2 Stretch 
2981-2797 C-H sp3 Stretch 
1508 C-H Scissoring 
1415 C-H bend 
 
Table 3.2:  ATR-IR analysis of untreated control sample 
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Figure 3.3 Infrared spectrum of the control polypropylene sample
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Figure 3.4 Infrared spectrum of the of PP samples immersed in ethanol 10 % and H2O (aqueous conditions) at the end of the simulation cycle of 
390 reheatings 
 
60
65
70
75
80
85
90
95
100
105
110
60096513301696206124262791315735223887
Tr
an
sm
it
ta
n
ce
 (
%
) 
Wavenumber cm-1 
Ethanol 10 % H20Distilled water  
 
Chapter 3: RESULTS AND DISCUSSION 
 100 
 
Figure 3.5   Infrared spectrum of the PP samples immersed in vegetable oil, isooctane and ethanol 90 %( fatty food conditions) at the end of the 
simulation cycle of 390 reheatings 
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Figure 3.6 Infrared spectrum of the PP samples immersed in acetic acid, acetone and THF (acidic and harsh conditions) at the end of the      
simulation cycle of 390 reheatings 
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Figures 3.4-3.6 indicate the change in structural properties of polypropylene 
samples after being immersed in food-mimicking solvents and reheated in a 
Biotage microwave reactor. 
 
At the end of the reheating cycle ATR-IR analysis was carried out on the 
reheated polypropylene, this allowed any changes to the surface to be 
identified as the infrared beam typically passes between 0.5-2 micrometres 
into the samples surface. To ensure there was no residual solvent remaining 
on the samples after they were heated, they were washed using Teepol 
washing detergent and left to air-dry before ATR-IR analysis was carried out. 
 
From ATR-IR analysis a significant structural change to the control 
polypropylene sample can be noted (Figure 3.3). Samples immersed and 
reheated in distilled water, ethanol 10 % and ethanol 90% now exhibit a 
strong OH peak in the 3500 cm-1 region (Figure 3.4-Figure 3.6). The 
identification of the OH peak is not the result of artificial surface water, as the 
container was left to dry thoroughly, but can be accounted for by the structural 
changes occurring in the surface of the polypropylene such as cracks and 
scuffs as well as it increased brittleness as a result of degradation. 
 
Polypropylene samples absorb moisture when they are exposed to humid 
atmospheres and exposed to microwave irradiation with the food mimicking 
solvents; this is because polypropylene can absorb water and moisture by 
diffusion through the free volume between the polymer chains.100  
 
Absorption of water indicated by the OH peak is said to be harmful to the 
structure of polypropylene, and it is said to bring about mechanical, physical, 
chemical and dimensional changes in polypropylene, as the polypropylene 
absorbs water it swells and becomes soft.101 This occurs when the polymer is 
“crowded” by the immersed solvent, which induces the polymer structure to 
open and swell, and leads to increased spacing between the polymer 
molecules.  The increase in spacing reduces the secondary bonding, resulting 
in the polypropylene becoming weaker.102  
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As the polypropylene samples are continually exposed to microwave radiation 
polymer degradation is said to be occurring, as can be seen through the 
difference in structural properties of the samples; the high and fast absorption 
can be explained by the damage to the polymers matrix induced by moisture 
at 78°C. This damage makes the transport of water / moisture into the 
polymer more susceptible.103     
 
Upon exposure to acetic acid (3%), which is mimicking acidic foods such as 
tomatoes or pineapples, the ATR-IR analysis indicates a peak, which was not 
present in the control sample (Figure 3.6).104 The same peaks are also 
observed in samples immersed in vegetable oil as well as isooctane. Solvents 
that have a (C=O), and/or (C-O) group are able to bond themselves to the 
hydrogen bridges in the polymers backbones the polypropylene starts to 
break down.105,106   
 
When the polymers are exposed to the acidic/ oily conditions for a long period 
of time they can undergo acidic attack which then disrupts the polymer 
surface, the acid diffuses into the plastic and attacks the amorphous regions 
of the polymer.107 Studies showed that fatty foods caused an overall high 
migration, fatty and oily food also caused mass loss in plastic containers, 
which was shown by measuring changes in the mass of plastic containers 
immersed in fatty and oily food simulants.108,109   
 
3.3.  ANALYSIS OF SIMULATION STUDIES USING A MARS 
MICROWAVE EXTRACTOR 
In order to investigate all parameters polypropylene container samples 
immersed in food mimicking solvents (Table 2.1) and exposed to 800 W for 3 
min in the Mars Microwave reactor. After this time the immersed 
polypropylene sample was removed and the food mimicking solvent collected; 
however the polypropylene sample in each case had degraded to the extent 
of becoming melted. When high wattage is applied it induces an 
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overwhelming heat flux, which can cause the polymer to burn.  Gedye et al 
observed that organic reactions carried out in sealed Teflon containers in a 
microwave oven showed reaction rate enhancements of 10 to 1200 times 
compared to conventional methods.110   
 
3.4.  SURFACE WETTABILITY- CONTACT ANGLE ANALYSIS 
In conjunction with gravimetric analysis and ATR-IR, surface wettability was 
used to note significant changes to the polypropylene surface. Wettability 
studies were used to determine how the surface chemistry may have changed 
as a result of the degradation with long-term exposure to different mimicking 
environments. 
 
Most polymers are hydrophobic and are not naturally wettable. These 
properties although advantageous can be altered with continual reheating and 
can modify the performance of the polymers use.  The contact angle (θ) is a 
measure of the wetting ability of a liquid on a solid surface; due to their usually 
having low surface energy, liquids usually do not wet polymers surfaces.111  
 
Contact angle analysis was used to assess any surface changes in the 
polypropylene’s surface once immersed and heated in various food mimicking 
solvents.112 
 
Prior to analysis untreated polypropylene was analysed to provide a reference 
point. The untreated sample gave a definitive contact angle of 85.5˚ (Figure 
3.7), this corresponds with Long and Chen’s finding of untreated 
polypropylene having a contact angle of around 84˚.113    
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Figure 3.7 Contact angle analysis of untreated polypropylene sample 
 
  
 
Polypropylene immersed 
in:  
Food 
Environment  
Contact angle (˚): 
Mean of triplicate 
polypropylene 
samples exposed to 
800 W after a 390 
simulation cycle.   
Untreated Polypropylene  Control sample 85.5 
Vegetable Oil Fatty  103.8 
Isooctane Fatty 93.9 
Ethanol 90% Fatty 53.0 
Ethanol 10% Aqueous 151.0 
H2O Aqueous  62.2 
Acetic Acid 3% Acidic 111.6 
DCM Harshest 135.5 
THF Harshest 98.5 
Acetone Harshest  92.2 
 
Table 3.3 Contact angle analysis of polypropylene samples at the end of 
390 microwave simulation cycles once immersed in food mimicking 
solvents in a Mars microwave reactor 
As polypropylene consists of CH and CH2 units in its backbone it is inherently 
hydrophobic. The wettability of the polypropylene immersed in DCM, ethanol 
10 % and acetic acid showed an increase in contact angle, which 
demonstrates that the surface had become more hydrophobic.114 When water 
is exposed to a hydrophobic surface it will exhibit a high contact angle, the 
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more hydrophobic the surface the higher the contact angle.115 The contact 
angle of polypropylene immersed in ethanol (10 %) increased from 85.5˚ to 
151.0˚, when a contact angle exceeds 150˚ it is said to have 
superhydrophobic properties.116   
 
However polypropylene immersed in distilled water indicates a reduction to 
62.2˚ from the original untreated control polypropylene sample contact angle 
of 85.5˚. This indicates that the polymer was becoming more hydrophilic at the 
polypropylenes surface, so it would have been able to increase the amount of 
moisture it was absorbing. When polypropylene surface is exposed to 
microwave radiation with various foods such as those replicated in the 
simulation studies (Table 2.1) the polymer breaks down as mentioned above, 
the microwave irradiation causes the polypropylene to be thermally degraded 
starting at the surface.  Introduction of functional groups such as carboxylic 
from acidic foods and hydroxyl groups from aqueous and alcoholic foods and 
etch into the surface of the polymer chains, which contributes to the surface 
modification.117 This is also seen through the gravimetric analysis where the 
PP samples immersed in H2O had the greatest mass uptake compared to the 
other solvents. This phenomenon can be seen in Figure 3.4 where the 
structure of the original polypropylene now exhibits an OH peak around 3279 
cm-1.   
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3.5.  SCANNING ELECTRON MICROSCOPY 
Macroscopic behaviour of polymers reflects their structure. Scanning electron 
microscopy offers advantageous and rapid observation of polymer 
morphology. 
 
Scanning electron microscopy was used to observe the changes in surface 
morphology of polypropylene samples after being subjected to various 
reheating cycles. Images were recorded after 100, 200, 300 and 390 
reheating simulations. 
 
 
Figure 3.8 Scanning electron microscopy of control 
polypropylene 
SEM examination of the polypropylene was used to look at the surface 
morphology of the control polypropylene (Figure 3.8). The polypropylene was 
fibrous: no spherulites can be observed. The molecular orientation of 
polypropylene is determined by the layer in direct contact with a mould.  This 
is referred to usually as a shear layer; the layers are caused by the 
temperature gradient and shear applied during the mould filling process: the 
outward portion cools faster than the innermost parts. 
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Figure 3.9  Scanning Election Microscopy images of polypropylene samples at various reheatings (RH) after exposure to a commercial 
microwave 
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The SEM images (Figure 3.9) shows polypropylene samples at various 
reheating stages: 
 
 Image A: 100 Reheatings  
 Image B: 200 Reheatings 
 Image C: 300 Reheatings 
 Image D: 390 Reheatings 
 
It can be seen that the morphology has become unambiguously fibrous. As 
the polypropylene undergoes an increased number of reheating cycles, a 
noticeable change in the polymer’s surface occurs; this change in the 
polypropylenes surface can affect the mechanical properties of the fibrous 
material leading to it becoming weaker due to the stress caused due to the 
microwave irradiation. 
 
The SEM micrographs indicate cracks in the surfaces of the microwave 
simulated polypropylene, and whereas the micrographs of pure extrudates 
show isotropic structure (Figure 3.8) the morphology of the control 
polypropylene which has been extruded is oriented along the flow direction of 
the mould.  
 
From image B it is observed that as the polymer undergoes an increased 
number of reheating cycles the fibrous morphology is disrupted. This is shown 
by fibre pull-out, which is an indication of fracture to the polypropylene, this 
fracture causes fibre breakage.118 This fibre breakage occurs more readily 
after various reheatings due to recrystallisation; the polymer does not conform 
to its typical morphology of spherulites, but since the polymer chains are in a 
confined space, this will produce lamellar crystal orientations.119 From images 
B-D, apparent pores that could be a result of solvent damage can be 
observed in the polypropylene with increased number of reheatings; this could 
induce leaching of plasticisers and additives, as well as weakening the 
sample.  
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3.6.  X-RAY DIFFRACTION ANALYSIS  
X-ray diffraction analysis is able to determine the crystalline structure of the 
polymer over a period of exposure to microwave radiation, after being 
immersed in a variety of different environments.   
From XRD the average spacing’s between the layers of crystal can be 
determined, as well as the orientation or crystal type. X-ray diffraction uses x-
ray beams at a set angle of incidence which is known as theta (θ), (d) is the 
distance between the crystal layers and (λ) is the wavelength of the x-ray 
beam.  This can be explained using Braggs where: 
 
λ = 2𝑑. 𝑆𝑖𝑛θ 
Equation 6 Bragg’s equation 
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Figure 3.10 X-ray diffractograms of control polypropylene vs 390 reheatings in a domestic microwave 
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To estimate crystallite size (L) using Scherrer equation from the breadths of 
the diffraction peak of polypropylene samples prior to heating: 
 
𝛽(2𝛩) =
𝛫𝜆
𝐿 cos 𝛩
 
 
𝐿 =
0.89 𝜆
𝛽 cos 𝛩
 
 
𝐿 =  
0.89 𝑥 0.1542
1
57.5 𝑥 0.99
 
 
= 7.94 nm 
 
The degree of crystallinity in polymers is commonly known to significantly 
affect their mechanical properties. The x-ray results have been compared with 
results obtained using DSC.  From the x-ray diffractograms it can be seen that 
the crystal size of the polymer is decreasing with numerous reheatings, and 
after 85 reheatings the crystal size has decreased from 7.94 nm to 2.62 nm, 
therefore becoming more amorphous; this leads to the polymer being less 
rigid, weak, and easily deformed as well as becoming transparent. The 
continual reheating process can account for the reduction in crystal size, as 
the polymer is heated; the plastic softens and is then cooled below the glass 
transition temperature of the polymer. This can be noted in Figure 3.11, where 
the crystal size can be seen to decrease with increased number of reheatings. 
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Figure 3.11 Decreasing crystal size of polypropylene with 
continued exposure to a commercial microwave, as calculated 
by XRD analysis 
 
As the polypropylene sample degrades its reduction in crystallinity can be 
accounted for by chain scission occurring when the polypropylene is exposed 
to microwave irradiation with various food mimicking solvents. The more the 
polypropylene is exposed to these conditions the more the crystallinity 
decreases. Chawla et al. recognised that changes in crystallinity in the 
polymers caused reductions in mass of the polymer due to chain β-
scission.120,121,122  
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3.7.  DIFFERENTIAL SCANNING CALORIMETRY 
Differential scanning calorimetry (DSC) was used to determine the thermal 
transitions occurring when polypropylene samples were continuously 
reheated over a period of time as well as to identify any transitions occurring 
within the polymer itself. Figure 3.12 shows a DSC thermogram of untreated 
polypropylene. 
 
 
 
Figure 3.12 DSC of untreated control polypropylene 
 
 
 
 
  
 
Chapter 3: RESULTS AND DISCUSSION 
 115 
 
Figure 3.13 DSC thermogram of polypropylene after reheating 
in a commercial microwave after 200 reheatings in H2O 
 
 
Figure 3.14 DSC thermogram of polypropylene after 390 
reheatings in H2O 
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The crystallinity of polypropylene is dependent on the changes that occur 
during the manufacturing process, and this includes the conditions that it goes 
through when cooled.   
 
DSC was used to evaluate the crystallinity of the commercially available 
polypropylene samples and to identify any thermal degradation that may have 
occurred during various reheating cycles. Figure 3.12 indicates a smooth 
endothermic peak of the control polypropylene sample with a melting point at 
around 168°C. Figure 3.13 shows the DSC thermogram after 200 reheatings 
two peaks can now be observed; the original peak is observed at 164°C and a 
shoulder peak appears at ~172°C. From Figure 3.14 which shows the end of 
the simulated reheating cycle, the melting point of the polypropylene sample 
has increased showing a strong peak at 182°C and the original peak at ~168° 
has now decreased to a shoulder. The heat treatment applied to the 
polypropylene and change in heat conditions during the manufacturing 
process affects the formation of crystals; these changes create a difference in 
the heat resistance, strength and bonding properties of the polypropylene.123  
 
The two crystallisation and melting peaks that are visible from Figure 3.13 and 
Figure 3.14 suggest the forming of a less stable form of the polymer or as a 
result of melting of less stable crystallites produced as a result of leaching of 
phthalates and additives; or as a result of the thermal stability of the polymer 
as they are subjected to photo-oxidation. The aging process of the polymer 
sample has a visible effect on the DSC curve.  The effect appears and can be 
characterised by an un-smooth slope, this could be due to the relationship 
between the aged sample specific heat and the temperature; the change is 
visible and may be a result of structural change as the polymers chains are 
shortening in the aged plastic.124 
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3.8.  DETERMINATION OF LEACHATES BY GAS 
CHROMATOGRAPHY- MASS SPECTROSCOPY   
One of the problems encountered while developing the Selected Ion 
Monitoring method (SIM) for the low detection limit of the standards was that 
BPA was not being detected in the samples that were made up. This hindered 
the time taken to develop the method, as the peaks were non-existent on both 
the full scan and SIM method. Bisphenol A is stable in its solid form, which 
does not commonly persist in the environment; it is usually bound chemically 
to a polymer to enhance it properties.   
 
A GC-MS method was developed using the split-less injection method, which 
means that all the carrier gas passes to the column. This is very useful for 
analysis of phthalates, additives and in particular BPA, and for looking for low 
sample concentrations for trace analysis. The flow rate remains the same in 
both the split and split less method which is (1-4 ml/min) and the only path for 
injection to take is into the column since, the split vent is now closed; however 
using this method is slower than that of the split method due to the low gas 
flow peaks tend to be broader, to alter this the temperature of conditions of 
the over had to be lowered to 20˚C below the temperature of the solvent being 
used which was a 50/50 ratio of ACN/Water. As the solvent condenses onto 
the front of the column and traps the solute molecules this allows the sample 
to be focused onto a narrow band.  
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Quantification of Leachates 3.8.1.  
The GC-MS chromatographic results of the six phthalates and additives 
(Figure 1.6 ) were successfully identified by its retention time and spectral 
analysis.  The spectral analysis of these six chemicals are very similar, the 
dominant ion used for identification in the mass spectroscopy is m/z 149. This 
is a result of the formation of a furan ring due to the loss of the alkyl ester 
group.125 
 
 
 
 
 
Scheme 3.1 Major fragmentation of phthalate esters in EI 
ionisation 
Table 3.4 shows the calibration data and for the phthalate and additives 
extracted from the polypropylene containers. 
Compound Retention 
time 
Container 
one (R2) 
Container 
two (R2) 
Container 
three (R2) 
Total Mass 
extracted 
(µg/L) 
 
Dimethyl 
phthalate  
5.245 0.9948 0.9862 0.9969 2.161 
Diethyl 
Phthalate  
5.505 0.9973 0.9953 0.9917 1.529 
Bisphenol A 6.640 0.9956 0.9936 0.9954 1.367 
Benzyl Butyl 
Phthalate  
6.790 0.9986 0.9899 0.9872 1.112 
Bis-2(ethyl-
hexyl)phthalate 
7.190 0.9976 0.9942 0.9995 3.883 
Di-n-octyl 
phthalate  
7.745 0.997 0.9979 0.9959 0.373 
 
Table 3.4 Recoveries and linearity of phthalates and additives 
according to their retention times 
O
O
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Calibration plots were generated separately for each of the phthalates and 
additives, and an example can be seen in Figure 3.15. The lower limit of 
detection (LLOD), lower limit of quantification (LLOQ), and extraction 
recoveries for each analyte, analytical method was validated under the FDA 
guidelines (FDA, 2001#37). The analyte to internal standard ratio was 
calculated using the Shimadzu data analysis software by dividing the peak 
area of the sample by the peak area of the internal standard. 
 
 
Figure 3.15  Calibration graph for diethyl phthalate 
Excellent peak shapes and peak resolution were achieved during the method 
validation. A linear regression analysis of phthalates and additives showed 
coefficients of determination (R2) which can be seen in Figure 3.15. This was 
determined from the linear regression values of the area ratios of samples 
which were all greater than 0.99. These values were collected for all the 
phthalates and additives in question and demonstrated excellent method 
linearity using the selected ion monitoring method. The GC-MS results 
indicate a significant level of harmful leachates being detected, however this 
is of great concern, since they are said to be have estrogenic activity even at 
very minimal concentrations of below 0.001µg/L.126 
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Figure 3.16 Total accumulated amounts of leachates collected from Polypropylene containers carried out in simulation studies using a commercial 
microwave oven 
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Figure 3. indicates the total accumulated amount of phthalates and additives 
being leached from the polypropylene container. Dimethyl phthalate is the first 
compound eluted, the total accumulate amount of phthalate extracted from 
distilled water was 2.161 µg/L. According to the National Institute for 
Occupational Safety and Health (NIOSH), dimethyl phthalate is a chemical of 
“Immediate danger to Life or Health Concentrations” (IDLH) with the human 
oral toxicity level being 50mg/kg which is almost five times the amount being 
quantified in the GC-MS analysis.127  
 
The three main routes of human exposure are by oral, dermal and inhalation, 
with the main vehicles being food, drinking water as well haemodialysis bags 
with intravenous solutions.128 Dimethyl phthalate is said to be a “sub-chronic 
toxicant” with short term exposure it is said to cause weight gain in humans, 
change in haemoglobin level as well as the increase in liver weight; to date 
there is no information available on the long-term effects on the reproductive 
system, carcinogenicity and developmental effects of dimethyl phthalate on 
humans.129  
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Figure 3.17 Leaching concentration of DMP extracted in distilled water with various numbers of reheating simulations using a commercial 
microwave oven
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Figure 3.17 shows the leaching concentrations of dimethyl phthalate 
quantified by GC-MS; leaching of this phthalate is prevalent in distilled water 
from the second microwave simulation, with 0.04 µg/L being extracted. The 
highest leaching concentration is exhibited between 115-125 simulation 
cycles, with a leaching concentration 150 ppb being quantified. After this point 
there is a dramatic decrease in the amount of dimethyl phthalate leaching 
from the polypropylene. The same trend is observed for diethyl phthalate: the 
main exposure to DEP is through plastics, with the main exposure route being 
contaminated drinking water or food. According to the Agency for Toxic 
Substances and Disease Registry, DEP has an effect on liver and on the 
reproductive system.130,131 
 
Bisphenol A (BPA) is a widely used industrial chemical and there are many 
sources of human exposure, it is predominantly associated the hormone 
oestrogen and is associated with its endocrine disrupting behaviour.132  With 
an estimated exposure to the population coming directly from canned foods, 
plastics and wine, it is said to reach a “body burden” of up to 9µg/ kg per 
day.133  
 
Leaching activity can be seen occurring in a certain band (Figure 3.18); BPA 
was the first additive detected during the first reheating. During the 
polymerisation process BPA is reacted with the polymer, during this non-
covalent approach, interactions such hydrogen bonding temporarily fixated 
the additive to the polymer.134 The BPA is then distilled off, however during 
the distillation process not all of it is completely removed; this leaves the BPA 
free to leach out with elevated temperatures and repeated use, and a study 
carried out at the University of Cincinnati proved that leaching of BPA 
Leached out 55 times faster under conditions with elevated temperatures, 
levels as high as 32 nanograms per hour being recorded.135 
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Figure 3.18 Leaching concentration of BPA extracted in distilled water with various numbers of reheating simulations using a commercial 
microwave 
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After approximately 100 reheatings there is a significant decrease in the 
amount of BPA leaching. It would seem that the non-covalently bonded 
additive has leached out from the free volume spaces within the polymer. This 
leaching can be correlated with the XRD analysis, where the size of the 
crystal within the polymer has started to decrease quite significantly, with an 
increasing number of re-heatings there is an increasing amount of leachate 
and by 70 reheatings where both BPA and DEP are being detected, the 
crystal size has decreased by 54%. 
 
By 105 to 150 reheatings the two leachates that were detected prior to this 
had significantly decreased in concentration: BPA had decreased from 
1871.23 µg/L to 327.6 µg/L, and the concentration of DEP had decreased 
from 1641.3 µg/L to 638.8 µg/L; However after this point the amount of BPA 
leaching increases significantly again, this phenomenon could be due to BPA 
embedded in the free volume on the surface of the polymer leaching.   
 
Benzyl butyl phthalate (BBP) is used to increase the plasticity of polymers, 
and in 2005 a permanent ban was in place by the European Commission on 
the use of BBP in all children’s toys, and especially those to be placed in the 
mouth by children as absorption of BBP is deemed to have a major effect on 
health.136  
 
In an investigation carried out by Jobling et al it was discovered that BBP had 
a mitogenic effect on cell growth at concentrations as low as 10-5 M.137 The 
toxicity of BBP has been investigated by the US National Toxicology 
Programme (NTP) and was determined that BBP showed evidence of 
carcinogenic behaviour in male rats.138 Benzyl butyl phthalate was detected 
by GC-MS over 390 reheatings in a commercial microwave in distilled water; 
a total accumulated mass of 1.112 µg/L. Concentrations as high as 20 ppm 
were quantified by GC-MS analysis, and studies carried out by Myers et al 
have indicated that concentrations as low as 0.7 ppm were sufficient to 
reduce fertility in women.139 
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Bis(2-ethyhexyl)phthalate (DEHP) is used to improve the rigidity and flexibility 
of polymers. DEHP like DEP is referred to as an “environmental contaminant” 
and is believed to have endocrine disrupting effects as well as being 
teratogenic.140  
 
DEHP has been quantified by the FDA (2003) as the predominant plasticiser 
used in plastics, with levels ranging from 10 and 4000 ng/g.141 The maximum 
concentration level (MCL) stipulated by the US Environmental Protection 
Agency is 3.0 µg/L.142 Levels higher than the safe amounts were being 
detected in the simulation studies. It was determined the DEHP was the most 
abundant chemical present in the polypropylene containers (Figure 3.19), 
3.883 µg/L was extracted by the end of the simulation cycle however at the 
end of the cycles, levels of DEHP were still significantly high. 
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Figure 3.19 Leaching concentration of DEHP extracted in distilled water with various number of reheating simulation using a commercial 
microwave simulation  
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The leaching occuring in DEHP like the other phthalates being investigated 
have no significant trend, the differences in leaching concentrations can be 
explained by Begley et al who showed that when plastics undergo stress they 
can alter “the complex chemical composition” which can promote leaching of 
phthalates as polymerisation of individual monomers is rarely complete un-
polymerised monomers are almost always released from the polymer 
resins.49,143 Therefore as the polymer is continuously being reheated it 
degrades and undergoes stress therefore releasing  chemicals that were 
trapped in the free volume of the polymer, and the further the polymer 
degrades the more leachate it released.   
 
Di-n-octyl phthalate is another common phthalate used as a plasticiser for 
plastics; its main exposure is through food or drinking water that is stored in 
plastic containers or bottles.144 The total extracted amount through simulation 
studies was 0.373 µg/L (Figure 3.20).  Di-n-octyl phthalate can also enter the 
body during medical treatment through the use of plastic tubing or storage 
bags. To date no information is available regarding the possible effects 
caused by di-n-octyl-phthalate.145 
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Figure 3.20 Leaching concentration of di-n-octyl phthalate extracted in distilled water with various number of reheating simulation using a 
commercial microwave 
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Di-n-octyl phthalate has caused death in some rats and mice given very high 
doses by mouth. Brief oral exposures to humans in low doses generally 
caused no harmful effects. Di-n-octyl-phthalate has not been classified for 
carcinogenic effects by the Department of Health and Human Services, the 
International Agency for Research on Cancer.145 
3.9.  CELL CULTURE STUDIES 
The aim of this study was to evaluate the permeability characteristics of 
phthalates and additives on Caco-2 cells. The chemicals used were dimethyl 
phthalate, diethyl phthalate, bisphenol A, benzyl butyl phthalate, bis-2-
ethylhexyl phthalate and di-n-octyl phthalate; all of which were present in the 
polypropylene.   
  
Initially all the phthalates and additives were tested on Caco-2 human 
colorectal cells in triplicate.   
 
MTT(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was carried 
out in vitro as a measurement of cell viability in response to external 
factors.146 
 
In a MTT assay the tetrazolium salt is reduced, the yellow MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) is reduced by 
mitochondria in conjunction with dehydrogenase enzymes to produce NADH 
AND NADPH; this results in the formation of a purple formazan solution 
(Scheme 3.2).147 
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Scheme 3.2 Formation of formazan from MTT 
The MTT is soluble in culture medium and cell permeable. Viable cells reduce 
the tetrazolium into a purple formazan precipitate that accumulates inside the 
cells and in the culture medium. Dimethyl sulfoxide (DMSO) solubilises the 
formazan precipitate and the absorbance of the formazan is recorded at 570 
nm. The amount of absorbance correlates with viable cell number.148  
 
The MTT assay correlate with the number of viable cells growing this specifies 
the metabolic activity of the glycolytic production of nicotinamide adenine 
dinucleotide hydride (NADH).149 From the MTT assay (Figure 3.23-Figure 
3.24) the viability and health can be determined of the Caco-2 human 
colorectal cells when exposed to phthalate and additive conditions over a 24 
and 76 hour period: The effect of high concentration bisphenol A (1.0 µg/l) 
(BPA) which was quantified by GC-MS analysis (Table 3.4) had the most 
significant effect on cell proliferation, the number of healthy cells have 
reduced on average by 60 % over 24 hours and 69 % over 72 hours, whereas 
the lower concentration had no significant effect. The other leachates tested 
showed minimal cell cytotoxicity.  It was then necessary to investigate at what 
concentration BPA showed signs of cell toxicity. Figure 3.21 and 3.22 show 
the effect of phthalates on Caco-2 human colorectal cells. 
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Figure 3.21 MTT Assay of Phthalates and Additives over a 24-hour period 
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Figure 3.22 MTT Assay of Phthalates and Additives 72 hours 
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Figure 3.23 MTT Assay of BPA after 24 hours graphically indicates BPA 
exposure to Caco-2 human colorectal cells after 24 h. The graph indicates 
that BPA decreases cell viability at 0.6 µg/l on average by 17.5% compared to 
the control cells. BPA before this point seems to cause an increase in cell 
viability.  A further decrease in cell viability is seen after this concentration and 
at 0.7 µg/l cell viability had decreased by 31.1% to 74.5% by 1.0 µg/l. 
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Figure 3.23 MTT Assay of BPA after 24 hours 
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Figure 3.24 MTT Assay of BPA after 72 hours 
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To investigate the effect of BPA on Caco-2 human colorectal cells; cells were 
exposed to BPA at various concentrations, corresponding to the leachate 
amounts collected through GC-MS analysis (Table 3.4) and examined 
subsequently.  The MTT assay showed the effects on cell proliferation (Table 
3.5). 
 
 
BPA concentration (µg/l) Decrease in cell viability 
after 72 hours (%) 
0.1 10.709 
0.2 19.194 
0.3 23.755 
0.4 90.388 
0.5 95.726 
0.6 92.566 
0.7 96.021 
0.8 95.781 
0.9 96.347 
1.0 96.507 
 
Table 3.5 Decrease in cell viability after 72 hours 
BPA exposure to the Caco-2 human colorectal cells found to decrease in cell 
viability from the lowest concentration (0.1 µg/l) the number of viable cells at 
this concentration had a 10 % average decrease from the control cells.  When 
healthy cells were exposed 0.4 µg/l the cell viability decreased by 90% (Figure 
3.25-3.26). Bisphenol A is rapidly absorbed in the gastrointestinal tract in 
humans, studies have shown that low doses (nanomolar) of BPA have an 
effect on H2AFX a gene responsible for coding histone H2A in humans as 
well as ATM phosphorylation which leads to DNA damage.150,151   
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Figure 3.25 Caco-2 cells grown to confluency 
 
 
 
 
 
 
  
Figure 3.26 Caco-2 cells at 0.4 µg/l with the loss of 90% of cell 
confluency 
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3.10.  EPOXIDATION OF SOYBEAN OIL 
Vegetable oils are the fats and lipids containing triglyceride molecules. Most 
of the vegetable oils have high contents of unsaturated fatty acid and can be 
converted into epoxy fatty acid by conventional epoxidation. The double 
bonds in the soybean oil are used as reactive sites and can also be 
functionalised by epoxidation. Epoxidised oil contains epoxide groups or 
oxirane rings. The term epoxide can be defined as cyclic ethers, which consist 
of three elements in the epoxide ring (Figure 3.27) 
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               Figure 3.27 General structure of an epoxide 
 
The general process for the synthesis of the epoxide groups is known as an 
epoxidation reaction wherein an alkene is reacted with an organic peroxy 
acid. 
 
In situ epoxidation of soybean oil with carboxylic acid in the presence of 
suitable catalyst is an acid-catalysed reaction. There are two major reactions 
involved in the epoxidation reaction. During the first stage, peroxy acid is 
formed from the reaction of formic acid and hydrogen peroxide while in the 
second stage epoxidised oil is produced from the reaction between peracid 
and double bond in the oil.152 The hydrogen peroxide acts as an oxygen donor 
and acetic acid as oxygen carrier. 
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To identify whether soybean oil had been epoxidised, several methods of 
analysis were undertaken. Figure 3.28 shows the structure of soybean oil 
(SBO). 
 
 
 
 
 
 
 
Figure 3.28 Structure of soybean oil 
 
Figure 3.29 shows the structure of epoxidised soybean oil once (ESBO). 
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Figure 3.29 Structure of epoxidised soybean oil 
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Attenuated total Reflectance–Infrared 3.10.1.  
Spectroscopy of Soybean Oil 
The structural changes induced in soybean oil (SBO) by epoxidation were 
investigated using Attenuated Total Reflectance–Infrared Spectroscopy (ATR-
IR) as well rapeseed oil, and coconut oil. 
The analysed infrared spectra contain fundamental and characteristic bands 
whose frequencies and intensities can clearly determine the relevant functional 
groups in the investigated oils. The various absorption bands of the spectra 
were assigned on the basis of data given in the literature.153 
Visual examination of spectra revealed differences between spectral features 
in the absorbances between the oil and its epoxidised version, as well as 
some shifts in the exact position of the bands. This finding suggests that the 
oil composition affects the intensity of the bands and also affects the shifts in 
the infrared spectra when the proportion of fatty acids is modified. 
 
Figure 3.30 shows the ATR-IR spectra for soybean oil with the resulting peaks 
depicted in Table 3.6. 
 
 
Figure 3.30 ATR-IR spectrum of soybean oil 
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Wavenumber cm-1 Peak 
 
30308.54 Trans =C-H stretch 
2922.61 -CH3 asymmetric stretch  
2854.08 Symmetrical and asymmetrical -CH2 stretch    
1743.38 -C=O ester, aliphatic stretch 
1463.23 -CH2 bending 
1377.25 -CH3 bending 
1236.23 -C-O stretch 
1159.42 CH2 bending 
1098.18 -C-O stretch  
721.45 Cis –CH=CH- bending out of plane 
 
Table 3.6  ATR-IR peak assignment for soybean oil 
 
Absorption bands were observed (Table 3.6) as follows: 3308.54 cm–1 
corresponds to the trans =C-H stretch, the peak at 2922.61 cm–1 represents 
the CH3 asymmetric stretch which is due to the C-H aliphatic CH3 due to the 
alkyl of the rest of the triglyceride which in soybean oil is present in large 
quantities.154 The absorption band for the CH2 symmetrical and asymmetrical 
shoulder can be noted at 2854.08 cm–1. The –C=O aliphatic stretch of the 
ester can be observed at 1743.88 cm-1; –CH2  bending of the soybean oil can 
be observed at 1463.23 cm-1 and the CH3  bending band can be detected at 
around 1377.25 cm-1.  At 1236.23 cm-1 and 1098.18 cm-1 are representative of 
the –C-O. The peak represented at 721.45 cm-1 is that of the cis –CH=CH 
bending.  
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Attenuated Total Reflectance – Infrared 3.10.2.  
Spectroscopy of Epoxidised Soybean Oil 
The structural changes in epoxidised soybean oil (ESBO) were investigated 
using Attenuated Total Reflectance–Infrared Spectroscopy (ATR-IR). The 
analysed infrared spectra contain fundamental and characteristic bands 
whose frequencies and intensities can clearly determine the relevant 
functional groups corresponding to the epoxidised oil. In the epoxidation 
experiment soybean oil was heated for 24 h at a simulated temperature of 45-
55°C and changes in their ATR-IR spectra were evaluated, and this is 
reflected by changes in the intensity of the infrared spectra absorption bands. 
Upon examination, it can be observed that there are notable differences in the 
position of this band for soybean oil (Figure 3.30 and Figure 3.31). 
 
 
Figure 3.31 ATR-IR analysis of epoxidised soybean oil 
It is evident in the ATR-IR spectra of epoxidised oil samples that a clear and 
pronounced decrease in the absorption intensity of the cis double bonds 
stretching band arises in response to epoxidation occurring, as a 
consequence of the diminution of cis double bonds. After epoxidation, the 
3308.54 cm-1 peak for the soybean oil has completely vanished as well as a 
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significant reduction of the asymmetric –CH3 and –CH2 peaks due to the 
double bonds in the soybean oil being epoxidised.   
 
The decrease of unsaturation by disappearance of the double bonds in 
response to heating can be explained by the formation of epoxides. The epoxy 
groups, characterised by a new peak at 906.44 cm-1 is attributed to the epoxy 
group, and this corroborated the conclusion of the success of the epoxidation 
reaction. The peaks in the ATR-IR spectra can be seen in Table 3.7. 
 
Wavenumber cm-1 Peak 
 
2926.18 CH3 Asymmetric stretch 
2855.7 Symmetric and asymmetric -CH2 stretch. 
1737.89 -C=O ester, aliphatic stretch 
1464.48 CH3 symmetric deformation 
1158.15 Ether asymmetric stretch 
906.44 Epoxy peak 
726.61 Cis –CH=CH- bending out of plane (rocking) 
 
Table 3.7 ATR-IR peak assignment for epoxidised soybean oil 
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Characterisation of Epoxidised Soybean Oil by 3.10.3.  
Nuclear Magnetic Resonance Analysis  
In this study qualitative NMR method was used to characterise epoxidised 
soybean oil. The one-step sample preparation allowed rapid determination of 
epoxides without any addition of external references. As the objective of this 
study was to develop epoxide oil to use as an alternative plasticiser the 
application allowed verification that epoxidation had occurred.  
 
Characterisation of epoxidised soybean oil was achieved by 1H NMR. The 
signals were assigned by taking into account the values of the chemical shifts. 
From the proton NMR (Figure 3.32) we can see that epoxidation has 
occurred. The peak 2.0 ppm for CH2-CH=CH- has disappeared. The presence 
of an epoxide ring was confirmed at 2.9-3.1 ppm. The backbone of the 
glycerol structure was assigned at 4.0-4.4 ppm and 5.1 ppm. From 5.3-5.4 
ppm the carbon-carbon double bond of the soybean oil was observed which is 
not present in the epoxidised soybean spectra (Table 3.8). Thus, the method 
used here was successful in epoxidising the commercial soybean oil, 
generating obvious signals of epoxides in the 1H NMR spectra. 
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Figure 3.32 Proton NMR of epoxidised soybean oil (red) against soybean oil (blue)
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Chemical Shift 
(ppm) 
Assignment  Carbon Number 
Assignment   
0.88 (triplet) Terminal CH3 1 
1.5 (broad singlet) CH2 adjacent to epoxy 2 
2.0 (broad singlet) -CH2-CH=CH- 3 
2.2 (broad singlet) - CH2- Adjacent to epoxy group 4 
2.8 broad singlet  - CH2-- adjacent to C=C 5 
2.9 -CH- proton of epoxy group 6 
3.1 -CH- Proton of epoxy group 7 
4.0-4.4 - CH2- of glycerol back bone 8 
5.1 -CH of glycerol backbone 9 
5.3-5.4 -CH- proton of C=C 10 
 
Table 3.8 Assignment of H-NMR of soybean oil and epoxidised 
soybean oil 
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Characterisation of Epoxidised Rapeseed oil and 3.10.4.  
Epoxidised Coconut oil by Nuclear Magnetic Resonance 
Analysis and Attenuated Total Reflectance – Infrared 
Spectroscopy 
 
The structural changes in epoxidised rapeseed and coconut oil were also 
investigated using NMR and ATR-IR.  
From the proton NMR for rapeseed oil we can see that epoxidation had 
occurred (Figure 3.33).  The peak 2.0 ppm for CH2-CH=CH- has vanished. The 
presence of an epoxide ring was confirmed at 2.9-3.1 ppm. The backbone of 
the rapeseed oil (glycerol structure) was assigned at 4.0-4.4 ppm and 5.1 ppm.  
From 5.3-5.4 ppm the carbon-carbon double bond was observed, which is not 
present in the epoxidised spectra. 
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Figure 3.33 Proton NMR of rapeseed oil against epoxidised rape seed oil 
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Rapeseed oil which is a triglyceride had also undergone chemical modification 
on its structure to obtain an epoxide. The infrared technique was used to 
monitor chemical groups of the unmodified rapeseed oil. A reduction of the 
absorption band around 3000 cm-1 is due to the reduction of the double bonds 
in the rapeseed oil being epoxidised.  The NMR analysis technique recorded 
the same reduction. The two analytical techniques provided about elucidated 
useful cure characteristics of the rapeseed oil. The applications of more than 
one analytical method offer a complement of the results. 
 
 
Figure 3.34 ATR-IR analysis of rapeseed oil against epoxidised 
rapeseed oil 
From the proton NMR of coconut oil (Figure 3.35) it can be noted spectral 
changes have occurred that provide evidence that epoxidation has occurred. 
Visual examination of spectra revealed differences between spectral features 
of coconut oil and epoxidised coconut oil. The peak 2.0 ppm for CH2-CH=CH- 
has vanished. The presence of an epoxide ring was confirmed at 2.9-3.1 ppm. 
The backbone of the coconut oil was assigned at 4.0-4.4 ppm and 5.1 ppm. 
From 5.3-5.4 ppm the carbon-carbon double bond of the coconut oil was 
observed which, is not present in the epoxidised spectra. 
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Figure 3.35 Proton NMR of coconut oil (blue) against epoxidised coconut oil (red)
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                                         Figure 3.36 ATR-IR of coconut oil                                                                                    Figure 3.37 ATR-IR of epoxidised coconut oil 
  
 
As can be noted from Figure 3.36 and Figure 3.37  the double bond C=CH stretch at 2922 cm-1 that were present in the coconut oil 
and rapeseed oil spectra, has completely disappear in the spectra of epoxidised coconut oil  and epoxidised rapeseed oil.  
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3.11.  SYNTHESIS OF POLY(LACTIC ACID) 
Poly(lactic acid) was synthesised from anhydrous lactic acid (Figure 3.38). 
Commercial lactic acid solutions are racemic mixtures. Normally they are 80-
90% aqueous solutions comprising a mixture of the L- and D- isomers.  
 
To enable the production of a new nontoxic plasticiser poly(lactic acid) (PLA) 
will be melt blended with polypropylene and epoxidised soybean oil to 
improve the ductility of PP. PLA is biodegradable thermoplastic aliphatic 
polyester,155 with similar mechanical properties to polymers such as 
polyethylene terephthalate (PETE).156 
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Figure 3.38 Formation of poly(lactic acid) 
The synthesis of poly(lactic acid) is a polycondensation reaction. For the 
reaction to take place the alcoholic and carboxylic functional groups undergo 
self-esterification,157 this leads to the formation of lactide through ring closure 
reactions, i.e. backbiting and end-biting reactions.158  
 
Identification of Synthesised Poly(lactic acid) by 3.11.1.  
Nuclear Magnetic Resonance Analysis 
The structural changes in the synthesis of poly(lactic acid) from anhydrous 
lactic acid were investigated using NMR analysis (Figure 3.39).  
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Figure 3.39 H’ NMR spectrum of synthesised poly(lactic acid) 
  
 
 
Chapter 3: RESULTS AND DISCUSSION 
 155 
1H NMR spectroscopy is a powerful tool for the analysis and characterisation 
of poly(lactic acid). The 1H NMR spectrum was obtained in deuterated 
chloroform (CDCl3); nearly all the protons exhibited well, and two signals were 
observed for both CH and CH3 (Figure 3.40); CH quartets were detected at 
5.2 and 5.1 ppm for of methine group, along with a CH3 doublet with 
comparable intensities at 1.5 and 1.56 ppm. 
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Figure 3.40 Poly(lactic acid): NMR identification 
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ATR-IR Analysis of Synthesised Poly(lactic acid). 3.11.2.  
The analysis of poly(lactic acid) was achieved by ATR-IR.  
ATR-IR analysis further confirms the successful synthesis of poly(lactic acid) 
(Figure 3.41). The CH3 asymmetric stretch can be seen at 2983 cm
-1 and CH3 
symmetric stretch at 2935 cm-1. The C=O stretching of the poly(lactic acid) 
region appears at 1754 cm-1 as a broad asymmetric band. The CH deformation 
and asymmetric bands appear at 1386cm-1 and 1361 cm-1. The C-O stretching 
modes of the ester group appear at 1174 cm-1 and the C-O-C asymmetric 
mode appears at 1089 cm-1. At 867 cm-1 the CH3 rocking vibration modes of the 
helical backbone can be characterised. Two bands at 752 cm-1 and 701 cm-1 
can be attributed to the amorphous and crystalline phases of PLA respectively.   
 
 
Figure 3.41 ATR-IR spectrum of synthesised poly(lactic acid)  
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Polymer Blends With Epoxidised Oils 3.11.3.  
The development was undertaken of an alternative polymer to provide the 
same desirable characteristics given by carcinogenic plasticisers and 
additives.  
 
Poly(lactic acid) based materials such as copolymers and blends have 
attracted large interest due to their biodegradability, biocompatibility and 
mechanical properties which make them suitable for a wide range of 
applications.159 When selecting polymers for blending, two important 
characteristics of the components need to be taken into consideration: 
whether they are thermodynamically miscible or mechanically compatible.160  
 
Initially the effect of polypropylene/poly(lactic acid) weight ratios with 
polypropylene graft maleic anhydride was investigated. The blends were 
prepared by a melt blending technique.  For polymers to dissolve in solvents 
they must have similar polarities to the solvents. In this process they will either 
dissolve or the polymer will swell due to the solvent.  Because longer chained 
polymers are more entangled and possess higher molecular weights, this 
hinders dissolution. Polymers, which have semi crystalline properties, are 
much harder to dissolve than amorphous polymers. The tightly packed 
crystalline regions of the polymer are not easily penetrated as solvents must 
overcome the intermolecular attractions of the polymer itself and, therefore 
elevated temperatures are used; this increases the mobility of the solvents 
and polymer chains therefore facilitating dissolution, allowing the polymer to 
be solution blended with ease. 
 
ATR-IR analysis was carried out on the successful polymer blend (Figure 
3.42). With the main component being polypropylene the transmittance bands 
at 2981-2797cm-1 were due the C-H stretching, the peak at 1508 cm-1 is 
responsible for the C-H scissoring stretch of the polypropylene and 1415 cm-1 
corresponds to C-H bending.161  
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Figure 3.43 ATR-IR analysis of successful polymer blend with epoxidised oils (soybean oil: rapeseed oil: coconut oil in a ratio of 50:50:40)  
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Figure 3.42 Successful polymer blend 
 
 
Chapter 3: RESULTS AND DISCUSSION 
 159 
 
Undergoing melt blending with poly(lactic acid) the CH3 stretch can be seen at 
2983 cm-1, the peak distinctive for the O-C=O can be noted at 1190-1080 cm1. 
The C=O of PLA can be seen at 1734-1740cm-1. The epoxidised oils display 
small intensity signals at 950-850cm-1, and around 1250cm-1 there is an 
important characteristic band for the C-O-C stretch of the epoxide.   
 
From the spectra (Figure 3.41) a shift in the carbonyl peak from neat PLA to 
PLA incorporated into the polymer blend from 1754 cm-1 to 1734 cm-1 (Figure 
3.43), these differences can be accounted for as an indicate that there are 
interactions occurring between the PLA and the epoxidised oils.  A possible 
interaction between the hydroxyl group of the PLA and the epoxy group, 
through hydrogen bonding has been suggested in Figure 3.44. This interaction 
will result in enhanced morphological properties providing the desirable 
characteristics normally provided by the harmful plasticisers and additives. 
 
Figure 3.44 Possible sites for hydrogen bonding between 
epoxidised oils and PLA 
Polypropylene graft maleic anhydride (PP-g-MA) can be identified by its 
strong peaks between 1800 cm-1 and 1700 cm-1 can be assigned to symmetric 
C=O stretching of anhydride functions grafted onto polypropylene.162,163,164  
 
The use of this in the polymer blend helps to functionalise the polypropylene, 
and improve the compatibility of the polymer blend. The disappearance of the 
anhydride peaks of PP-g-MA and the appearance of ester linkage in the ATR-
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IR spectra of the blends indicated interaction between polypropylene, 
poly(lactic acid), and PP-g-MA confirmation of the blend components 
interaction in this study was obtained by observing the ester linkage at 1756-
1755 cm-1.165 
 
Scanning Electron Microscopy of Polymer Blends 3.11.4.  
Scanning electron microscopy offers advantageous and rapid observation of 
polymer morphology. Scanning electron microscopy was used to study the 
surface morphology of the polymer blends, after being subjected to various 
reheating cycles. Images were recorded at 100, 200, 300 and 390 reheating 
simulations.  
 
Figure 3.45 shows a SEM image of the polymer blend prior to any simulation. 
 
 
Figure 3.45 SEM of successful polymer blend with a ratio of 
50:50:40 soybean oil: rapeseed oil: coconut oil 
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Morphological characterisation of the successful blend was viewed using a 
scanning electron microscope. Figure 3.45 shows the SEM analysis of a 
successful polymer blend. As the blend was reheated with the same 
conditions simulation studies carried out with distilled water and underwent a 
number of reheatings, the polymers surface became slightly rougher, but it did 
not deteriorate as fast as the commercial polypropylene containers. SEM 
analysis was carried out at various stages of the simulation process with the 
successful polymer blend (Figure 3.46) to note any changes occurring to the 
polymer morphology. 
 
The polymer blend morphology was similar to that of that seen in Figure 3.8, 
which was that of the commercial moulded polypropylene container. The SEM 
was fibrous: no spherulites were to be observed. The layer in direct contact 
with the Teflon mould determined the molecular orientation of blend; the 
layers are caused by the temperature gradient during the mould filling 
process: the outward portion cools faster than the innermost parts. As the 
blend undergoes an increased number of reheating cycles, there is no 
noticeable change in the blend’s surface (Figure 3.46). 
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Figure 3.46 Polymer blends at A: 100, B: 200 and C: 300 reheatings replicated by simulation 
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The polypropylene/poly(lactic acid) blend films with polypropylene graft maleic 
anhydride were prepared by melt blending. The optimal blend ratio for 
packaging application was 50:50:40 (soybean: rapeseed: coconut). Blends, 
which had lower amounts of epoxidised oils, were brittle and formed a power 
(Figure 3.47). Chen et al showed that using a PP/PLA blend in ratio of the 
50:50 which was used increases bacterial prevention as it acts a barrier that 
hinders the growth of bacteria.166 
 
 
Figure 3.47 Unsuccessful polymer blend 
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X-ray Diffraction of Polymer Blend 3.11.5.  
X-ray diffraction was carried out on the polymer blend. The X-ray 
diffractogram (Figure 3.48) confirms the successful polymer blend with the 
addition of poly(lactic acid) peaks, which are not present in Figure 3.10; 
poly(lactic acid) has formed a crystalline phase with the polypropylene-graft-
maleic anhydride, to form a crystalline polymer blend.  In addition to the sharp 
diffraction peak centred at 122°, which can be assigned to PLA, a crystalline 
peak was observed at the 2θ of 139° for poly(lactic acid) and epoxidised 
blend. These peaks confirm the introduction of the epoxidised oils component 
into the poly(lactic acid) chain.167 
 
 
Figure 3.48 X-ray diffractogram of polymer blend 
The crystallinity that occurs in the polymer blend is associated with the 
alignment of the molecules in chains: the chains that fold together form ordered 
chains called lamellae.168 Polymers are affected by crystallisation; their 
mechanical, thermal and chemical properties are often affected by this process. 
As polymers come in many forms, the degree of crystallinity can be estimated.  
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They can be crystalline or amorphous, in a polymer both forms normally co-
exist depending on how the polymer was made and processed.  
Measuring relative crystallinity is a classical method and can estimate the 
crystallinity in polymers.  It is assumed that polymers have regions of aligned 
chains that appear in small crystals and some that have no order the produce 
an incoherent scatter on the diffractograms (Figure 3.49 and Figure 3.50). 
This method can be used to estimate the crystalline and amorphous region. 
 
The classical method can be applicable in cases where the amorphous region 
is well defined within a relatively narrow angular and absolute standards are 
not required. 
 
Polymers can be prepared in such a way as to produce a mixture of 
crystalline and amorphous regions. Crystallinity refers to the degree of 
structural ordering a polymer. The degree of crystallinity affects 
the hardness, density and the transparency of the polymer. Figure 3.49 shows 
the XRD diffractogram of control polypropylene; the degree of crystallinity was 
calculated thus: 
 
Figure 3.49 XRD of Polypropylene prior to analysis 
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The amorphous region and crystalline peaks were carefully cut and 
individually weighed on an analytical balance relative crystallinity was then 
calculated: 
 
Relative crystallinity = 
Wt of  crystalline area
𝑊𝑡 𝑜𝑓 𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒 𝑎𝑟𝑒𝑎 +  𝑊𝑡 𝑜𝑓 𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 𝑟𝑒𝑔𝑖𝑜𝑛
 𝑥100 
 
0.1031
0.1031 + 0.0432
𝑥 100 
Relative crystallinity for control polypropylene = 70.5% 
Proportion of amorphous region:  29.5% 
The relative crystallinity of the polymer blend (Figure 3.50) was similarly 
calculated.  The estimated crystalline content of the polymer blend was 77%. 
 
 
Figure 3.50 XRD of Polymer blend 
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The results indicated that the polymer blended with epoxidised oils is 
somewhat more crystalline (6.5%) than the control polymer with added 
phthalates.  The crystallinity of polymers has an effect on their properties; 
a highly crystalline polymer will be very strong, increasing the mechanical 
and chemical properties.  Adding some amorphous regions increases the 
polymer’s toughness so that it can bend without breaking. Semi 
crystalline polymers have relatively strong intermolecular forces, which 
prevent softening even above the glass transition temperature. Their 
elastic modulus changes significantly only at high temperature.169 The 
higher the crystallinity the harder and more thermally stable the polymer 
will be; however it may also be more brittle, whereas the amorphous 
regions are beneficial as they provide certain elasticity and impact 
resistance.170  
The results from the calculated relative crystallinity determine that the oils 
acting as alternative plasticisers produce polymers with almost the same 
degree of crystallinity, providing polymers with the same or even better 
desired characteristics. 
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Gas Chromatography – Mass Spectroscopy 3.11.6.  
Analysis of Synthesised Polymer Blend, on Exposure to 
Microwave Irradiation 
Polypropylene blends were cut into approximately 1.5 g samples and placed 
inside a microwave reactor glass vial, and filled with distilled water (20 ml).  
Microwave irradiation was applied using a household microwave oven at 800 
W for 78oC for 3 min. After naturally cooling for 10 min an aliquot (10 ml) was 
taken using a standard volumetric pipette (Fisher Scientific), and stored in a 
glass vial for analysis. 
 
A GC-MS full scan method was determining the presence of any leachates 
from the new polymer blend (Figure 3.51). This is very useful for analysis of 
any leaching activity. The GC-MS results indicate no leaching for the blend. 
 
Figure 3.51 GC-MS analysis of polymer blend after 20 
reheatings 
After 400 reheatings (Figure 3.52) no leachate was detected from the 
synthesised polymer. The epoxidised oils used as alternative plasticisers were 
miscible with polypropylene. 
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Figure 3.52 GC-MS analysis of polymer blend after 400 
reheatings 
By melt blending polypropylene with poly (lactic acid) and polypropylene-graft-
maleic anhydride, it physically improved the toughness of the polymer 
compared to that seen in Figure 3.47.  It has been found that poly(lactic acid) 
and polypropylene-graft-maleic anhydride act as plasticisers, and in a fairly 
small amount, act as accelerators for the enzymatic degradation of the 
polymer chains.  The same effect was observed by adding a biodegradable 
plasticiser, di-n-butyl phthalate (DBP).171   
ection break - do not delete, change text to white when you are ready to print your final version. 
 170 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.  CHAPTER 4: CONCLUSION AND 
FUTURE WORK  
 
Section break - do not delete, change text to white when you are ready to print your final version. 
 
Chapter 4: CONCLUSION AND FUTURE WORK 
 
 
 
 171 
Additives and phthalates included in the manufacture of plastics can have a 
significant effect on hormonal activity by disrupting the endocrine system, 
reproduction and human development. The aim of this study was to 
investigate the leaching effect of various phthalates and additives added to 
commercially available plastics and the effect that continuous exposure to 
microwave radiation had on the polymer. 
4.1.  FUTURE OF BIO-BASED POLYMERS 
The varied uses of plastics in numerous fields of applications largely depend 
on the performance of the plasticisers incorporated. However the plasticiser 
industry globally has been faced with many challenges, the main ones being 
leaching and migration. The use of alternative and novel natural oil-bio based 
plasticisers and the use of alternative polymers that do not require the harmful 
toxic plasticisers. 
 
Polymeric materials that are derived from renewable resources such as oils 
and fats have attracted a lot of attention in recent years. The growth and 
application of natural oils such as soybean oil and coconut oil for polymeric 
materials are currently in the spotlight of the polymer and chemical industry. 
 
The outstanding characteristics of these natural oils are leading to polymers 
being incorporated as safer alternative plasticisers being used in numerous 
applications, including packaging, coatings, nanocomposites and adhesives. 
 
In this project commercially-available polypropylene containers were exposed 
to simulation cycles of 390 reheatings in a domestic household microwave, as 
well as exposure to the Mars Microwave Extractor with various food-
mimicking solvents (Table 2.1); and the Biotage Microwave Reactor at 78°C 
for three minutes. After each simulation cycle the container was analysed 
using a range of analytical techniques to identify any changes in the polymer 
over time. 
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GC-MS analysis was used to quantify any leaching occurring, of phthalates 
and additives at each reheating stage. Samples of solvent were removed after 
each reheating simulation and analysed using the Selected Ion Monitoring 
method on the GC-MS. The leachates amounts extracted were then tested on 
human cell lines using cytotoxicity tests to prove their detrimental effect. 
 
This study involved the modification of polypropylene by developing 
alternative bio-plasticisers that were used in the polymerisation process.  
These modified polymers were analysed after immersion within food-
mimicking solvents and subsequent exposure to microwave radiation, to 
assess whether the newly developed polymers were viable to be used in 
reusable containers. 
 
4.2.  GC-MS ANALYSIS 
Gas Chromatography-Mass Spectroscopy was used to analyse samples after 
each simulation cycle, using the selective ion monitoring method (SIM); where 
a chosen number of masses per compound were measured.  
 
Dimethyl phthalate was the first compound eluted; the total accumulated 
amount of phthalate extracted from distilled water was 2.161 µg/L, which is 
almost five times higher than safe levels stated by the National Institute for 
Occupational Safety and Health (NIOSH). Leaching was detected from the 
second microwave simulation with 0.04 µg/L being extracted at this point. The 
highest leaching concentration was exhibited between 115-125 simulation 
cycles, with the leaching concentration 150 ppb being quantified. 
 
Bisphenol A’s leaching was detected after the first simulation cycle.  
Subsequently after approximately 100 reheatings there was a significant 
decrease in the amount of BPA leaching.  After 70 cycles the concentration of 
BPA had decreased from 1871.23 µg/L to 327.6 µg/L; and the concentration 
of DEP had decreased from 1641.3 µg/L to 638.8 µg/L.  
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A total accumulated mass of 1.112 µg/L was extracted for benzyl butyl 
phthalate. Previous studies had indicated that concentrations as low as 0.7 
ppm were enough to reduce fertility in women, whereas concentrations as 
high as 20 ppm were being detected in this project.172 
 
Di-n-octyl phthalate was extracted at 0.373 µg/L. Di-n-octyl-phthalate has 
caused death in rats and mice in high doses however to date has not been 
classified for its carcinogenic effects by the Department of Health and Human 
Services, the International Agency for Research on Cancer.145 
 
4.3.  CELL CULTURE 
Due to their adverse health effects that include various forms of cancer, the 
extensive distribution of phthalates has raised public health concerns.  The 
purpose of this study was to evaluate the permeability characteristics of 
endocrine disrupting chemicals on Caco-2 human colorectal cells. The 
phthalates and additives tested in this study were dimethyl phthalate, diethyl 
phthalate, bisphenol A, benzyl butyl phthalate, bis(2ethylhexyl) phthalate and 
di-n-octyl phthalate all of which are used in plastics.   
 
Upon exposure to various concentrations of the leached phthalates and 
additives quantified through GC-MS analysis. The study was designed to 
investigate the effects of the total extracted amounts of leachates and 
evaluate their detrimental effect on human cell lines. Results showed that 
bisphenol A had the most detrimental effect on the Caco-2 cell line. 
Concentrations of bisphenol A at 0.3 µg/l decreased cell viability up to 30%, 
where 0.4µg/l decreased cell viability on average by 90.7 % hence its ban in 
most European countries as well as Canada and China.   
 
In this study only one cell line was investigated, but human and environmental 
exposure to plasticisers can occur in different ways. The most prevalent 
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causes of these exposures include point-source pollution from plasticiser 
manufacturing or plastic formulation, and leaching, migration and evaporation 
of plasticiser.   Phthalate plasticisers have been a target of worldwide scrutiny 
in the past two decades from consumer and environmental groups.  
 
Inhalation and ingestion remain the main routes of human exposure to 
phthalates and additives even in minute quantities.  
 
Future work would include using a variety of cell lines to test the various 
leachate amounts using cell lines such as human nasal epithelial cells for 
inhalation purposes and human oesophageal epithelial cells. 
4.4.  EPOXIDATION OF OILS AS ALTERNATIVE 
PLASTICISERS 
Environmental concerns and increasing price of crude oil have prompted 
great interest in developing materials based on bio based and renewable 
resources, such as vegetable oils. These natural oils can be modified to 
exhibit various types of functionalities that can be utilised for polymeric 
materials.  
 
Bio-based polymers are closer to replacing conventional ones. Bio-based 
polymers are commonly found in many applications from house hold 
commercial goods to medical applications due to advancement in material 
science.  The successful development of a polymer blend with epoxidised 
natural oils has demonstrated successful compatibility.  
 
Using modified natural oils has proven to be a suitable way towards the goal 
of green chemistry, and is strongly recommended for use in the polymer area. 
To achieve additional development in the field using natural oils as an 
alternative to petrochemical based chemicals will give rise to better properties 
and constitute a minimal hazard.  
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For the natural oils to be used as plasticisers the double bonds present in the 
oil containing unsaturated fatty acids leads to it being susceptible to being 
converted to the more reactive epoxide functional group.173,174 
 
Epoxidation of soybean oil, rapeseed oil and coconut oil was successfully 
carried out using sulphuric acid, initiated by hydrogen peroxide (H2O2), and 
the product was assessed by a variety of analytical techniques to confirm 
epoxidation had occurred. 
 
Functional groups of soybean oil, rape seed oil, and coconut oil were 
observed using ATR-IR. The peak at 3300.54 cm-1 for the un-epoxidised oil 
completely vanished, as well as the significant reduction of asymmetric –CH3 
and –CH2, due to the double bonds in the oil being epoxidised.  The presence 
of a new peak at 906.44 cm-1 was attributed to the epoxy group, which verified 
the conclusion of the success of the epoxidation reaction.  
 
Proton nuclear magnetic resonance was also used as a qualitative method of 
identification to verify that epoxidation had successfully occurred in all three 
oils.  The peak at 2.0 ppm for CH2-CH=CH- had vanished confirming that 
epoxidation at the double had occurred. The presence of an epoxide ring was 
confirmed at 2.9-3.1 ppm.  
 
For future work other possible natural oils can be epoxidised, to see their 
effectiveness as plasticisers; for example, safflower oil and sunflower oil. 
 
4.5.  SYNTHESIS OF POLY(LACTIC ACID) 
The problem of plastic accumulation in waste landfills needs immediate 
resolution; the impact of plastic waste on the environment includes harmful 
effects on wildlife, as well as on the visual qualities of towns. Rising 
environmental concerns have directed research to the development of 
biodegradable polymer materials as environmentally useful alternatives to 
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plastics, due to the awareness of environmental concerns and the 
understanding that our petroleum resources are limited. 
 
Poly(lactic acid) is one of the most promising bio-based and biodegradable 
polymers for material applications and for the large-scale replacement of oil-
based commodity plastics. Advanced analysis and characterisation methods 
are in a key role for the continuous development of PLA-based materials for 
novel applications. They are also central for making accurate lifetime 
predictions that guarantee the safe use of the new materials. PLA is able to 
degrade to innocuous lactic acid; therefore its use is of great importance in 
the medical industry in items such as medical implants. The gradual 
degradation of poly(lactic acid) is desirable and it can be also be applied to 
packaging materials. 
 
To date a lot of research is currently focused on the development of different 
poly lactide modifications to make the material suitable for a wider range of 
products. In many cases, modification of PLA by copolymerisation, or 
blending, changes the properties and degradation pattern of the essential 
polymer drastically and consequently affects its suitability for different 
applications. 
 
4.6.  POLYMER BLENDS 
In this study the mechanical, thermal and morphological properties of a 
successful polymer blend with epoxidised oils and polypropylene melt-
blended with poly(lactic acid) and polypropylene-graft-maleic-anhydride and 
exposed to vigorous microwave simulation cycles to test for any leaching as 
well as to see whether the polymer would withstand the conditions of 
microwave irradiation. 
 
ATR-IR analysis was carried out on the polymer blends. With the main 
component being polypropylene the transmittance bands identified at 2981-
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2797cm-1, and being melt blended with poly(lactic acid) the CH3 stretch was 
identified at 2983 cm -1. The epoxidised oils displayed small intensity signals 
at 950-850cm-1, and around 1250cm-1 is an important characteristic for the C-
O-C stretch of the epoxide.  Polypropylene-graft-maleic-anhydride (PP-g-MA) 
was identified by its strong peaks between 1800 cm-1 and 1700cm-1. 
 
Results from scanning electron microscopy indicated good interfacial 
adhesion between the two phases of the PLA matrix and oils and 
polypropylene. This adhesion was reflected in improved tensile strength and 
flexibility.   
 
Future work could include further investigation of the polymer blend and 
investigation of the effect of heat on the polymer as it is exposed to various 
microwave conditions, as well as investigating the biodegradability of the 
polymers over time. The successful blend can be exposed to the 
manufacturing process to see if it can withstand the conditions introduced 
when producing plastic containers on an industrial level, and then testing the 
containers in comparison with the ones produced with the harmful phthalates 
and additives.  
 
Section break - do not delete, change text to  you are ready to print your final version.
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